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ABSTRACT
The inflammatory process is a regular occurrence within a healthy body. As part of the
inflammatory process, leukocytes flow through blood vessels and are recruited to the region
of the injury. Neutrophils play a significant role in this process; however the margination of
neutrophils to particular locations in micro vessels is not fully understood. Post capillary
venules, in particular, have complex geometries which may contribute to non-uniform
adhesion of neutrophils. Margination is a phenomenon that occurs during the relatively early
phases of inflammation; as a result of dilation of capillaries and slowing of the bloodstream,
leukocytes tend to occupy the periphery of the cross-sectional lumen. Other investigations
have looked at the adhesion of neutrophils in vivo or flow patterns in converging tubes, but
the correlation between flow patterns in complex geometries and neutrophil margination is
not well understood. This study seeks to investigate correlations between margination and
bulk flow patterns as well as parameters that affect bulk flow properties. The primary aim of
this investigation is to create specific computational and in vitro models based on in vivo
data that isolate the hydrodynamic mechanisms associated with complex geometries. Main
geometric factors that were investigated were surface roughness, branch geometries, number
of convergences and squared vs. rounded t-junctions. To determine the effect of surface
roughness a large scale parallel plate flow chamber model as well as a microfabrication
technique to simulate roughness at the blood vessel scale were created that simulate surface
roughness due to endothelial cell nuclei. CFD modeling was also used to determine effects
of other geometric factors including branch geometries, number of convergences and squared
vs. rounded t-junctions. Overall, results from this study suggest that complex geometries can
have a significant role on neutrophil margination and adhesion in blood vessels. A
preliminary relationship between wall shear stress and margination was established.
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1 INTRODUCTION
1.1 Thesis Overview
Neutrophils are a specific type of leukocyte that defend the body against bacterial or
fungal infection and are important for the healing of wounds in the body.

An inflammatory

process is the body’s defense against infection and serves as one of the first steps towards
healing. In the healing process, neutrophils will migrate to the site of injury, roll along the
endothelial wall, and then adhere to the wall. Determining where neutrophils will adhere
could be a significant development in inflammation research. An initial step in developing
predictive models of neutrophil adhesion is to determine how bulk flow properties could
affect neutrophil margination.
The primary goal of this investigation is to create specific computational and in-vitro
models, based on in-vivo data, to isolate hydrodynamic mechanisms associated with complex
geometries. Primary geometric factors to be investigated in this study include surface
roughness, branched geometries, numbers of convergences, and junctional geometries.
Limited studies have been done to characterize various aspects of neutrophil migration,
rolling, and adhesion in venular convergences. To date there has been no studies that
specifically correlate bulk flow properties, based on geometry, to the venular convergence
and neutrophil migration.
Understanding the bulk flow is the first step in developing models that fully model
the inflammatory process. Past studies have focused on the biological interactions or the
fluid mechanics part of the inflammatory process. Studies done by Chapman and Cokelet
(1996, 1997) modeled the post-capillary venules as smooth cylindrical tubes. These studies
did not address the roughness found in the post-capillary venules that is due to the presence
of endothelial cells and may be a potentially significant factor that affects blood flow
characteristics. This current study proposes that the roughness does affect the bulk flow and
may create additional stagnation regions in which cells may be recruited to the vessel walls.
A recent study has shown that endothelial cells do in fact have an average roughness
[Sumagin and Sarelius, 2008] and thus it is important to evaluate the effects of surface
roughness on margination.

1

Another factor that can affect flow is the geometry of how the junctions join together.
Karino et al (1979) looked at the change in path lines when a rounded T-junction geometry is
changed to a squared T-junction geometry: a T-junction is defined as two blood vessels that
join together as to create a T. The squared or rounded part defines the way in which the two
blood vessels join in the T-junction. A study by Bagge et al. 1980 (1985) showed that the
diameter of the daughter vessel can affect of the flow of WBCs in a smooth squared Tjunction . Another study analyzed seven venular convergences with various bifurcation
angles and numbers of branches. The results from this study showed that neutrophils had the
highest tendency to adhere at the junction region where the two vessels come together
[Lamkin-Kennard et al. 2005]. However, this study did not address possible reasons as to
why neutrophil adhesion is highest at the junction regions.

The specific aim of this thesis

study is to investigate and analyze specific geometric factors as causals for neutrophil
margination to particular locations. Reported results will be based on the results of 2D
analytical and computational modeling as compared to experimental data.

1.2 Inflammation description
The focus of this study is to investigate how fluid forces influence the margination of
neutrophils in a normal inflammatory response in the mammalian body. The inflammatory
process is a common occurrence even within a healthy body. When a local infection or
injury occurs, leukocytes are rapidly attracted to the affected region as part of the
inflammatory response. These leukocytes are cells in the immune system that help the body
fight infections and diseases. Neutrophils are a specific type of leukocyte that defend the
body against bacterial or fungal infection. The inflammatory response is mediated by a
variety of signaling molecules that are produced locally by mast cells, nerve endings,
platelets and leukocytes. Some of the signaling molecules act on the nearby capillaries and
cause endothelial cells that line the vessel walls to adhere less tightly to one another. This
makes the endothelial cell lining adhesive to passing neutrophils.
After an injury has occurred, neutrophils will begin to collect in venules nearest to the
injury. If the neutrophils come close enough to blood vessel walls, they will begin to roll.
This rolling process is dependent on the formation and the breakage of receptor-ligand bonds.
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The selectin family of transmembrane adhesion receptors mediates the rolling. L-selectin
allows for the capture and the initial rolling of the neutrophils to occur. P-selectin mediates
the rolling behavior and is expressed on the venular endothelial walls. E-selectin is thought
to be responsible for the slow rolling of the neutrophils. Rolling ultimately leads to adhesion
which can result in an accumulation of neutrophils. A balance between the chemical bonding
and the hydrodynamic forces determines whether adhesion occurs. After firm adhesion of
the neutrophil occurs, the neutrophils will pass through the endothelial wall and move to the
area of inflammation. The main aspect of the inflammatory process to be studied here is the
margination of neutrophils.

1.3 Clinical significance and relevance to public health
Inflammation can play a key role in a range of diseases that affects millions of people
[Cooperative Research for Centre for Chronic Inflammatory Diseases.]. Autoimmune
diseases are diseases in which the immune system triggers an inflammatory response when
there are no foreign substances present. The immune system will cause damage to the body’s
own tissue and will attack normal tissues. Some types of arthritis are the result of
misdirected inflammation. Arthritis is most generally defined as inflammation in the joints.
Rheumatoid arthritis, shoulder tendonitis or bursitis, gouty arthritis and polymyalgia
rheumatica are some of the types of arthritis that are associated with inflammation
[Cleveland Clinic].
Inflammation can also affect internal organs. Myocarditis or inflammation of the
heart may cause shortness of breath or leg swelling. Nephritis or inflammation of the
kidneys may cause high blood pressure or kidney failure. Inflammation in the small tubes
that transport air to the lungs may lead to an asthma attack. In an abnormal case, such as
leukemia, there is an elevated level of leukocytes. The increase of leukocytes can result in
the immune system attacking other body cells [Cleveland Clinic].
Many previous studies have looked at simple geometries such as cylinders and Tjunctions; few have looked at complex geometries that more accurately represent real venular
junctions. The aim of this work is to determine if more realistic geometrical models are
necessary to predict in-vivo neutrophil adhesion. This study seeks to identify possible
additional factors, such as branched geometries or surface roughness, that may be significant
in the overall inflammatory response. New insights into inflammatory response mechanisms
3

could be revealed if more complex geometries are studied rather than the planar geometries
typically studied to date.

1.4 Importance of work
Several studies have focused on biological and fluid mechanical aspects of the
inflammatory response. Certain studies have modeled vessels as smooth cylinders or focused
specifically on biological interactions [King et al. 2003 and King et al. 2001]. However, these
studies did not include a study of specific geometrical factors that may be important when
modeling the inflammatory response. No study has considered the effects of geometric
factors individually in a venular junction model. Also, previous studies have not investigated
the importance of surface roughness. The present work systematically studied geometrical
factors that may be significant in the inflammatory response yet have not been previously
considered by other investigators.
Models for this study were created for comparison to previous experimental results so
that correlations between stagnation regions and neutrophil migration and adhesion can be
made. Geometric factors such as surface roughness, branched geometries, numbers of
convergences, and squared vs. rounded T-junction geometries were modeled and evaluated.
The results suggest that geometric factors are significant and should be used in any future
modeling of neutrophil migration and adhesion.

1.5 Scope of Research/Specific Objective
The primary aim of this investigation was to create specific computational and invitro models, based on in-vivo data, to isolate hydrodynamic mechanisms associated with
complex geometries. Primary geometric factors that were investigated include surface
roughness, branched geometries, numbers of convergences, and squared vs. rounded Tjunction geometries.
To determine the effect of surface roughness, a large scale parallel plate flow
chamber model was constructed to simulate surface roughness due to endothelial cell nuclei.
Model results obtained using Fluent and Matlab were then compared to experimental results.
An average venule endothelial cell was defined an ellipse, having a major and minor axis.
The average of these values was used to create a 2D surface to be analyzed using CFD.
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T-junction geometries were specifically used to isolate the effects of vessels joining
geometry at a junction region. T-junctions with a straight junction joining and curved
junction joining were created. Branched geometries with various junction angles and number
of inlets were also created. Venular convergences were created based on geometries from
the studies of Kim and Sarelius (2003) and Lamkin-Kennard (2005). The venular
convergences had various junction angles and vessel diameters. A model was also created
with three inlets to determine the possible effect of multiple junctions.

1.6 Problem Statement
The primary focus of this investigation was to assess the relative importance of
specific geometric factors when modeling the inflammatory response. Several geometric
factors were investigated, including surface roughness, branched geometries, numbers of
convergences, and junctional geometries. These particular geometric factors were studied
because they may be a causal for increased stagnation areas which may ultimately promote
neutrophil margination and transmigration.

1.7 Statement of Work
In this thesis an analytical model was created, numerous numerical models and initial
experimental processes were studied. A process was developed for creating the numerical
models. Some numerical models required more complex steps than others. Figure 1 shows
the general process for creating the numerical models.
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Figure 1. Process for creating all numerical models

Figure 2 shows a general overview of the analytical, numerical and experimental studies that
were conducted. Specific details about each of these studies can be found in subsequent
sections. The numerical models listed below followed the process described in Figure 1.
Numerical
Modeling
x

Models
Cylinder

T-junction - Squared junction joining region
x
T-junction - Curved junction joining region – radius 15µm
x
T-junction - Curved junction joining region – radius 35µm
x
T-junction - Curved junction joining region – radius 45µm
x
Complex convergence – Lamkin-Kennard et al. Figure 1
x
Complex convergence – Lamkin-Kennard et al.Figure 2
x
Complex convergence – Lamkin-Kennard et al.Figure 3
x
Complex convergence – Lamkin-Kennard et al. Figure 4
x
Complex convergence – Lamkin-Kennard et al Figure 5
x
Complex convergence – Lamkin-Kennard et al. Figure 6
x
Complex convergence – Lamkin-Kennard et al. Figure 7
x
Y-junction – Kim and Sarelius
x
2 Sided Roughness - Normal Scale
x
1 Sided Roughness - Large Scale
x
Figure 2. Overall work to be completed
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Analytical
x

Experimental
Comparison

X
X
X
X
X
X
X
X

The specific aims of the study were to:
•

Validate numerical modeling technique by comparing analytical and numerical
solutions. It is important to validate that the technique is accurate at a basic model
level so that more complex models will also produce valid results. A 2D cylinder will
be used as the baseline case for comparison.
o Obtain an analytical solution
•

Slice model at the middle vertically: Velocity magnitude output
should be parabolic.

o Obtain a numerical solution
!

Perform grid study to verify independence
•

Slice model at the middle vertically: Velocity magnitude output
should be parabolic.

o Compare analytical and numerical solutions using velocity magnitude profile
at slice from middle of the model.
•

Assess the significance of roughness: To determine the significance of roughness
representative of endothelial cells, numerical models and experimental processes
were developed.
o Numerical Models: For each numerical model a grid study was performed to
verify grid independence.
!

Assess significance of roughness
•

Normal scale – Geometric size of a venule with roughness on
top and bottom wall

•

Large scale Model. The large scale model is a 125 larger than
flow chamber. Flow chamber is at geometrical scale of venule.
Also bottom wall has roughness.

!

!

Show difference between squared and curved T-junction
•

T-junction squared

•

T-junction curved with radius of 1.5

•

T-junction curved with radius of Karino 3.5

•

T-junction curved with radius of Karino 4.5

Show importance of junction angle
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•
!

Y-junction

Correlation of all factors seen in actual blood vessel – Complex
convergences
•

T-type junctions: Lamkin-Kennard Figure 1-2 Matlab exported
data

•

Y-type junctions: Lamkin-Kennard Figure 4-7 Matlab exported
data

•

Complex junction 1: Lamkin-Kennard Figure 3 Matlab
exported data

•

Comparison of CFD and experimental results
o Comparison of complex convergences CFD and Lamkin-Kennard
experiments.
o Determine important factors that may correlate numerical solution to
experimental results.

1.8 Limitations of work
The main goal was to investigate the importance of flow factors on neutrophil
margination based on bulk flow properties only. To solve complex problems in engineering,
assumptions must be made to create initial solutions or results. Since this work was a
baseline study, several assumptions were made. The models in this study looked only at bulk
flow properties: biological interactions were not included. For simplification, blood was
modeled as a Newtonian fluid. Blood is a non-Newtonian fluid as its viscosity changes with
the percent hematocrit. However, modeling blood as a Newtonian fluid represents a
reasonable first step in an initial study.
This study seeks to accurately model blood flow in 2D representations of vessels
derived from in-vivo video studies. Although venular convergences in the body are 3D, 2D
models were used as baseline models to evaluate the relative importance of specific
geometric factors. Modeling in 2D allowed for surface roughness, branch angle, and other
factors to be more easily isolated and analyzed while providing guidance for future studies.
For this initial study several assumptions were made when creating the baseline
computational models. The modeling assumptions are as follows:
# All convergences are 2D
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#
#
#
#
#
#
#

Flow has reached a steady state
The boundary conditions are no slip
Reynolds number are low: Re ≤ 1
The fluid is Newtonian
The fluid is incompressible
Does not model any biological interactions
Does not model the effect of erythrocytes on leukocytes

2 LITERATURE SUPPORT
2.1 Introduction
Several studies focused on two aspects of the inflammatory response: biological
factors and fluid mechanics. A literature review of the current state of modeling related to
the inflammatory response was conducted to determine significant past results, limitations in
the current understanding of inflammation, and important factors to study in the future.
Previous works considered roughness due to endothelial cells, junction region joining type.
junction angle and number of junctions [Bagge et al. 1980, Bapat et al. 2006, Karino 1979,
Lamkin-Kennard et al. 2005 and Sumagin et al. 2008]. However, no study has determined
which specific geometric factors are important when modeling the inflammatory response.
The current study seeks to determine if certain geometric factors are significant in the overall
model of inflammatory response.

2.2 Basic flow in a cylinder
A study done by Goldsmith et al. (1984) focused on the margination of leukocytes in
straight tubes. The aim of this study was to quantify the flow-rate dependent margination of
human leukocytes in blood flowing through straight tubes. Straight tubes of 100 to 180
micrometers in diameter were used and two different techniques were applied to determine
the distribution of cells in the tube. The first investigation looked at the motion and location
of the leukocytes relative to the tube wall within transparent suspensions. In this technique,
the velocity distribution in the tubes was also measured. Figure 3 is a schematic drawing of
the flow tube which shows the parabolic velocity distribution that is formed when there is
dilute suspensions of ghost cells. The ghost cells are washed erythrocytes that were
subjected to sudden osmotic lysis and then put back into the plasma. The dashed lines
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represent blunted parabolic velocity distribution results when there is a concentrated
suspension of ghost cells present.

Figure 3. Ghost cells in a tube: high concentration blunts velocity profile [Goldsmith et al.1984].

The second technique used whole blood with leukocyte and erythrocyte concentrations as
measured in the infusing reservoir. Figure 4 shows the effect of flow rate on leukocyte
distribution. These histograms show that flow rates greater than 1 mm sec-1 result in
significant drift of leukocytes toward the periphery which increases with increasing flow rate.

Figure 4. Effect of flow rate of leukocyte distribution [Goldsmith et al.1984].

The effect of flow rate on leukocyte distribution is shown through histograms of the
normalized leukocyte number concentration in plasma and 45% ghost cells. There was a
significant change in distribution of the concentration of leukocytes in the middle of the tube
where centerline velocities were high. The plasma represents inward migration of cells and
the ghost cell suspensions represent outward migration.
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Figure 5 shows the concentration of cells in the tubes at 40 % hematocrit in washed
blood.

Figure 5. Concentration of cells in 150µm tubes: lower increase in leukocyte concentration with lowed
tube velocity [Goldsmith et al.1984].

The bar graphs show the relative concentrations of cells in the 150 µm tubes. There is a less
pronounced increase in leukocyte concentration in the tube at lower average velocity. It is
apparent that there is a lower concentration of leukocytes than there is of erythrocytes.
Goldsmith and Spain’s study focused on straight tubes whose diameter ranged from
100 to 180 µm which is larger than the size of typical post-capillary venules. There was no
surface roughness in the experiment. The experiment does show there is a higher
concentration of white blood cells when the velocity profile is blunted. As actual blood was
used in this study, blood was not modeled as a Newtonian fluid. This study is limited as it
does not address the affect of red blood cells concentration. Since their presence tends to
marginate and push the white blood cells toward the walls of the vessel, the effect of their
concentration could be significant factor. In contrast, this current study will analyze vessel
diameters in the range of 20 to 90 µm, model blood as a Newtonian fluid and evaluate the
effect of surface roughness.
U. Nobis et al. (1985) attempted to determine factors and mechanisms that may alter the
distribution of leukocytes in glass capillary tubes. Figure 6 shows the profile in the glass
capillary tube.
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Figure 6. Profile of glass capillary {U. Nobis et al. 1985]

The left image in Figure 6 is a schematic side view of the glass capillary closest to its upper
end. It also includes the assumed profile of a stream line between the focal plane and the
coverslip. The right image in Figure 6 is the top view of the cross section of the tube and it
shows the six concentric rings with the fractional area A through a. The analysis of the
upstream half of the concentric rings yielded the radial WBC distribution.
Figure 7 shows the corrected and uncorrected radial distribution histograms of WBC
flux at different wall shear stresses. In Figure 7, R is the tube radius and r is the radial
distance from the tube axis.

Figure 7. WBC flux at different wall shear: lowest wall shear stress results in leukocyte flux more
uniformly distributed across the tube [U. Nobis et al. 1985]
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The corrected radial distribution histograms of WBC flux at different wall shear are
represented by the solid lines. The uncorrected radial distribution histograms of WBC flux at
different wall shear stresses are represented by the dashed lines. First, the blood cells were
suspended in plasma.

The plasma is then replaced by saline and the leukocyte flux in the

innermost stream layer (ring 1) becomes elevated over the whole shear stress range. When
the wall shear stress is the lowest, the leukocyte flux is most uniformly distributed across the
tube. An increase in the flux is also seen the center of the tube at high shear stress range.
The larger particles tended to be in the more central stream layers and the small particles
tended to displace into marginal regions.
When the white blood cells represent the largest particles in the blood flow, the
highest leukocyte flux will be found in the central flow regions. If the leukocytes are not the
largest particles, then they disperse to the marginal flow regions. Nobis et al. (1985) also
noted two additional ways that leukocyte pathways can be altered: reducing the blood flow in
precapillary vessels or increasing the tendency for erythrocyte aggregation.
The Nobis et al. study (1985) analyzed the fluid and erythrocyte effects on
leukocytes. This study showed that wall shear stress can be an important factor. The aim of
the current study is to isolate the fluid effects so that a baseline model can be created that
does without the inclusion of biological factors. In the current study wall shear stress will
be evaluated to determine if it is a significant factor in neutrophil adherence to the wall.
The Nobis et al. (1985) study looked at the radial distribution of WBCs in blood
flowing through glass tubes as a function of wall shear stress. However, a glass tube does
not show the actual roughness that is seen in a blood vessel due to endothelial cells. This
current study will also look at the effect of the roughness due to the endothelial cells on bulk
flow through a venular junction.

2.3 Large scale experimentation
Chapman et al. (1996) developed a large scale experimental model that applied the
concept of dimensional similarity to create a dimensionless correlation to estimate the drag
force of blood flow in an in-vivo vessel on an adhered leukocyte. Equation 1 shows this
relationship. The variables are Re, Reynolds number, Cd, drag coefficient and d/D, the
leukocyte-to-vessel diameter ratio.
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7.52 
Re C D =  8.15 −

ln[d / D ] 


2

(1)

Equation 2 calculates the relationship between the drag force on the leukocyte, Ff, and the
wall shear stress in the absence of an adherent cell,τw.
Ff


7.52 
=  8.15 −

2
τ wD
ln[d / D ] 


2

(2)

Chapman and Cokelet use of dimensionless correlations to predict parameters is
based on the hypothesis that the experimental situation can be fully defined by differential
equations. The coefficients and the variables in the above equations were converted to
dimensionless quantities by dividing each equation by applicable variables. The importance
of the process is that if two geometrically similar situations have the same values for all the
dimensionless groups that contain the independent variables then the dimensionless group
that contain the dependent variable must be all the same for experimental situations.
Two sets of experiments were conducted in this study. The first set measured the
force on a stationary sphere in a tilted tube in the presence of disks which served as a model
for red blood cells. For the second set no disks were present in the fluid.
The results from the experiment showed that the increase in Reynolds number and
increase in the d/D ratio will directly increase the drag coefficient.

Figure 8. Effect of Re on drag coefficient: Drag coefficient decreases as Re increases [Chapman et al.
1996]
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Figure 8 shows the effects of the Reynolds number on the drag coefficient. The graph also
shows that the relationships for all d/D ratios are linear on the logarithmic scale. It can also
be seen that as the d/D ratio increases so does the drag coefficient. The increase in the d/D
ratio was also seen to increase the drag coefficient times the Reynolds number. Figure 9
shows the Reynolds number*drag coefficient product as a function of d/D. The point that are
listed as Schmid-Schonbein et al. (1975) are converted data from the study done in 1975 in
which the force on an adherent sphere was measured using a transducer.

Figure 9. Reynolds number*drag coefficient increases as ratio of leukocyte diameter to vessel diameter
increases [Chapman et al. 1996]

In the study there is also a general method to calculate the force on an adherent
leukocyte. The first step is to calculate the Reynolds number based on Equation 3.

Re =

ρvD
η

(3)

The second step is to determine the leukocyte to vessel diameter ratio, d/D. The ratio is
calculated taking the leukocyte diameter and dividing it by the vessel diameter. The third
step is to calculate the coefficient of drag using the relationship that was experimentally
determined as seen in Equation 4.

7.52 
Re C D =  8.15 −

ln[d / D ] 


2

(4)

The final step is to calculate the Ff, the fluid force on the leukocyte from the equation below.
Cd was calculated previously, ρ is the density of blood and area A of the leukocyte is
calculated by assuming that spherical geometry and ν is determined experimentally.
Equation 5 is used to calculate Ff.
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CD =

Ff
1
ρAv 2
2

(5)

In summary this study did create a method for calculating the force on an adherent
leukocyte. This relationship can also be applied to any spherically shaped object adherent to
the wall of a cylindrical vessel. This study also showed that blood can be treated as a
continuum for hematocrit ≤ 0.10 and d/D ≤ 0.35. The limitation of this article is that it does
not entirely eliminate the discrepancy between the in-vitro and in-vivo measurement of the
critical force that a neutrophil can endure without being removed from the vessel wall.
The Chapman and Cokelet study modeled the blood vessel as a smooth cylinder. An
accurate model of a blood vessel should have rough walls to simulate the endothelial cells.
This current work will investigate the effect of surface roughness on bulk flow. However, the
large scale experiment used in the Chapman and Cokelet article is the basis for the large scale
roughness experimentation used in the current work.
G.B. Chapman and G.R. Cokelet (1997) used computational fluid dynamics and large
scale model experiments to analyze the hemodynamic impact of adhered leukocytes on the
wall of post-capillary venules. A dimensionless correlation was developed that estimates the
pressure drop across an adherent leukocyte in an in-vivo vessel. This dimensionless
correlation was developed using a large scale model and a finite element package that solved
the Navier Stokes equations for low Reynolds number flow. The relationship that was
developed is show in Equation 6.
4

d 
f ⋅ Re = exp 2.877 + 4.360   (6)
 D  


For the given relationship above f is the Fanning friction factor and the other variables have
been previously noted. It was seen that the friction factor is proportional to the pressure drop
across the leukocyte but only significantly increases when d/D is greater than 0.5.
In the experimental portion of the study, it was concluded that there was no
significant change in the deflections of the streamlines in the disturbed region for a range of
Reynolds number from 0.001 <Re <0.1. A theoretical treatment also showed that the length
of the perturbed flow is not dependent on the Re for 0.001 ≤ Re ≤ 1.
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Through the use of tracer dye, large scale experimental flow points were obtained for
the streamlines. Actual streamlines were calculated using the CFD package. Figure 10
depicts both sets of data superimposed upon one another. Figure 10 represents fluid flow
over an adhered leukocyte on a post-capillary venule vessel wall. .

Figure 10. Pathlines due to flow over an adhered leukocyte [Chapman et al. 1997]

There also was no significant difference between the length of the half disturbed region
measured both upstream and downstream from the sphere.
Theoretical models with the presence of red blood cells were also conducted. It was
shown that that the presence of the RBCs increases the effective viscosity of the oil. It was
determined that there does not appear to be a significant effect of the RBC concentration on
f*Re as long as a reasonable suspension concentration is used.
The study also found that a single adherent sphere will have areas of low shear
directly in front and behind it. It also showed that the wall opposite the adherent sphere tends
to experience a high level of shear stresses.
The Chapman and Cokelet is limited as it modeled the vein as a smooth cylinder and
the leukocyte as a rigid cylinder. The current work will have models that have smooth and
rough walls to compare the difference that is seen in the bulk flow. This current study will
use varying levels of wall shear stress and compute resultant path lines to determine their
influence on neutrophil margination.

2.4 Determination of roughness in endothelial cells
Sumagin et al. (2008) completed a study that focused on an analytical solution of the
three-dimensional Stokes flow through a bumpy tube. This solution predicts that for a given
bumpy tube area there exists an optimal circumferential wavenumber which minimizes flow
resistance. The study used measurements of microvessel endothelial cell morphology to test
whether this prediction holds in the microvasculature. Figure 11 shows how the length and
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width of endothelial cells were measured by projecting a line across the longest major axis
and longest minor axis of the cells.

Figure 11. Representative image of venule and arteriole: Red line defines major axis and yellow line
defines minor axis [Sumagin et al. 2008]

The top picture is a representative image of a venule. The bottom picture is a representative
image of an arteriole. The major axis is shown with the red dotted line and the minor axis is
shown with the yellow dotted line.
An important role of the microvascular network is to increase the total surface area
available for exchange which is significant for maintenance of proper tissue homeostasis.
This study seeks to determine whether individual EC dimensions are preserved in the vessel
size range and if there is a difference between arterioles and venules. Figure 12 shows
several graphs, displaying the major axis, minor axis and area of arterioles and venules as a
function of the vessel diameter.

18

Figure 12. Arterioles/venules increase in area with vessel diameter. Only arterioles increase of length of
major axis with vessel diameter. No change for minor axis length for either. [Sumagin et al. 2008]

The cross sectional area of arterioles and venules increase with an increase in vessel
diameter. The increase in area is more pronounced for the arterioles. There is a minimal
increase for length of minor axis due to increase in the vessel diameter for both the arterioles
and venules. The arterioles show a significant increase in length of the major axis as the
vessel diameter increase. The venules show no significant increase in major axis length
change with increase in vessel diameter.
The study also included a treatment of a correlation between the dimensionless bump
area and optimal circumferential wavenumber. Figure 13 below shows the comparison of the
Navier Stokes theory for 3D bumpy tube flow with experimentally measured geometries.
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Figure 13. Optimal wavenumber as a function of bump area [Sumagin et al. 2008]

The blue squares represent the venular endothelial cell dimensions. The red circles represent
the arteriolar endothelial cell dimensions. The green circles represent the replotted arteriolar
endothelial cell dimensions after the vessel diameter has been increased by a factor of two.
Initially it would appear that venules exhibit EC dimensions very similar to an
optimal bump geometry that minimizes flow resistance. In contrast, arteriolar EC
dimensions differ from the optimal bump geometry in that the circumferential wave-number
is somewhat higher than predicted for a given dimensionless bump area. It has been well
documented that arterioles can dilate to a maximum of twice their resting diameter in
response to metabolic or vasoactive stimuli. Venules do not exhibit active regulatory
changes in the diameter and have been observed through the study to lie fairly close to an
optimal geometry as predicted from the Stokes flow theory.
This Sumagin study is significant in that it defines the roughness of the endothelial
cell walls. The current work used this defined roughness to create models so that the effect
of the endothelial cell roughness on the bulk flow could be determined.
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2.5 Studies in T-junction geometries
Karino et al. (1979) analyzed the flow patterns that occur in right angled T-junctions.
A T-junction is defined as two vessels that join together symmetrically at a 90º. In large
vessels, if the particulate nature and the non-newtonian properties of blood are neglected, the
theoretical results may not give accurate results on the effects of local flow patterns and fluid
stresses on the blood cells. The formation of the vortices and their corresponding sizes are
dependent on the Reynolds’s number of the parent tube, the ratio of the flow rates in the
parent and daughter tube and the radius of curvature of the junction. Figure 14 shows the
paths of the polystyrene spheres in a 25% aqueous glycerol solution traced from cine films.
The solid lines are the paths of the spheres in or close to the median plane. The dashed lines
represent the paths of the spheres, which are far from the median plan.

Figure 14. Pathlines in squared T-junction, Re = 103: Note two regions of recirculation seen. [Karino et
al. 1979]

As seen in Figure 14 there are two main vortices. At any given ratio of the flow rate of the
daughter to the parent, the side vortex was formed at a much lower Reynolds’s number in the
squared T-junction as compared to the rounded T-junction. Figure 15 shows the particle
paths around the squared T-junctions with relatively high Reynolds number.
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Figure 15. Pathlines in squared T-junction, Re = 245. Note: two regions of recirculation seen [Karino et
al. 1979]

The paths of the polystyrene spheres in a 25% aqueous glycerol were traced from cine films.
The solid lines are the paths of the spheres in or close to the median plane. The dashed lines
represent the paths of the spheres, which are far away from the median plan. The Reynolds
number is 245. In Figure 16, multiple flow patterns in vortex A are presented and there is a
increased circular flow at the tube walls.

Figure 16. Pathlines in curved T-junction, Re = 245. Note: Only one recirculation region now seen.
[Karino et al. 1979]

This study supports that the geometrical shape in the corners of junctional regions can
significantly affect the flow patterns within T-junctions.
The Karino et al. study was used as the basis to create models to determine if the
geometrical configuration in the corners of the junction points can affect the flow within T-
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junctions. The differentiating factors for the Karino et al. (1979) study are that only high
Reynolds numbers were evaluated, no branch angles were studied, and the walls were
modeled as smooth. The study does consider an important factor of the geometry of a twovessel junction (reword sentence, doesn’t make sense).
A study done by Bagge et al. (1980) described white blood cell (WBC) margination
as the cells pass through venular junctions. The displacement of WBCs toward the vessel
walls was caused by a hydrodynamic interaction between the WBCs and the red blood cells.
Figure 17 shows the sketch of the converging junction. The aim was to determine where the
WBC a and WBC b will position themselves relative to the walls of the collecting vessel C.
The arrows show the direction of flow.

Figure 17. Position of WBC in converging T-junction relative to the wall [Bagge et al. 1980]

Figure 17 shows the layout of the converging junction. This study reconfirmed previous
work that showed margination of WBCs initiated as soon as the diameter of a vessel is wide
enough to let the RBCs pass by the WBCs. This phenomenon is most apparent at the venular
ends of capillaries or in the smallest venules. The WBCs slide directly after the capillary
junctions. They will begin to roll after the flow streams become mixed further downstream.
Figure 18 shows a sketch of a converging vessel junction with pathlines.

Figure 18. Several possible pathlines of WBC in converging T-junction [Bagge et al. 1980]
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The dotted lines in C represent the separation of the streams from vessel A and B. In the
sketch part a shows where the stream from vessel A is narrow, about the same width as the
size of the WBCs. The WBCs will pass across the opening of A directly to the wall c. In the
sketch part b shows the case when the width of the stream from A is greater than the diameter
of the WBCs. The WBCs can then be swept a long distance downstream in vessel C before it
is marginated. They could also maintain the path of the general stream.
The observations in this study supported that the combined frequency of granulocyte
rolling along the walls of two converging venules is higher directly above the junction than
in the collecting venule that is below the junction. It also shows that flow of a WBC can be
affected by the diameter of the stream coming from a daughter vessel.
Similar to previously reviewed studies, the Bagge et al. 1980 did not isolate the fluid
effects from the biological factors. This study only looked at changes in vessel diameter in
T-junctions. It did not consider other effects such as vessel junction angle and roughness of
the vessel wall. This thesis will explore models with different size daughter vessels to
determine their effect on the bulk flow. It will also analyze the influence of junction angle
and roughness on bulk flow.

2.6 Convergence and boundary conditions
Bapat et al. (2006) investigated the influence of local bifurcation geometry such as
branch angle and fillet radius on shear stress. The model tested several different Reynolds
number flows. Several assumptions were made for this study. Blood was modeled as a
laminar flow Newtonian fluid. The Reynolds number was defined by plate separation. Plate
separation is the distance between two parallel plates through which the fluid flows. The
plate separation used was 10 µm and flow was steady and fully developed.
The geometry of the arterioles was modeled in GAMBIT. The initial velocity was
assumed to be uniform. An initial evaluation used a uniform mesh which proved
unsuccessful as the size of the first row element varied for different wall radii. This
condition caused the results to be invalid.
Figure 19 shows the boundary layer grid using a first row size of 0.1.
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Figure 19. Uniform meshing scheme, quad pave elements [Bapat et al. 2006]

The second scheme considered a boundary layer with a first row size of 0.01. Since
the first row size was small, the grid did not have good quality. The solution did not always
converge. For the cases where it did converge, it gave incorrect velocity profiles. A
boundary layer of 0.1 was then chosen. The new scheme did converge but yielded
inappropriate results that showed a reduction in velocity along the centerline. The flow never
fully developed along this edge. It was determined that a boundary layer mesh along all
edges with a first element size of 0.1 and a growth of 1.2 would be used. The rest of the face
was then meshed with a uniform quad pave element with a size of 0.25. Figure 20 shows the
boundary layer and face mesh that was applied to the model. A large source of error for the
solution could be from the use of elements that have significantly different sizes abutted to
one another.

Figure 20. Mesh without wedge correction. Note: the skewed element line in the center [Bapat et al. 2006]

A correction needed to be applied to improve the validity of the results.. Cases that had the
same mesh were run for sharp edge, and radii of 1D and 5D to determine which geometry
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had the steepest profile. The 5D geometry was steepest and was chosen to compare to the
analytical solution. Figure 21 below shows the mesh that was obtained with a 5D radii edge.

Figure 21. Mesh obtained with on 5D radii edge. Note: the correction in the center. [Bapat et al. 2006]

These two figures illustrate the difference made with the wedge continuity. The elements are
more uniform in shape after the correction was made.
The objective of this study was to observe the effects of different parameters on the
wall shear stress. The boundary conditions were set as velocity inlet and outflow. This study
took into consideration the effects of Reynolds number, branch ratio, edge radius (branch
side), edge radius (apex side), flow split and flow angle.
The analysis showed that shear stress increases with an increasing Reynolds number.
In a narrow branch it was observed that there is a sharp increase in the shear stress. The
radius does not significantly impact the stress values; a smoothening effect occurs with more
radii. There is little effect on shear stress due to the apex radius. The shear stress increases
on the branch wall with a decrease in flow in the branch. The bifurcation angle of 90° had
the largest r value of shear stress with abrupt flow change across the diverging section as
opposed to the 30° and 150° cases which had one-third the stress (this paragraph sounds like
a data dump from the paper and like particular sentences were directly lifted; try to tie
together better).
Overall, this study concluded that bifurication angle, branch size and Reynolds
number can affect the shear stress. A limitation was that only 30°, 90° and 150° bifurcation
angles were analyzed. The vessel walls were also modeled as smooth with no surface
roughness.
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For this current work, junction angles and roughness, as exhibited in actual blood
vessels, were used in the models. The meshing methods that were described in Bapat were
used in this thesis work.
An important function of endothelial cells lining the lumen of blood vessels is to
sense and to respond to their local environment. Kim and Sarelius (2003) focused on two
different ways to measure the wall shear rate in blood vessels that endothelial cells may be
subjected to. The first treatment considered the effect of the RBC velocity, which varied as a
function of radial position. The second treatment used a theoretical derivation of the
Poiseuille equation and assumed axisymmetric laminar flow in a cylinder to determine the
shear rate Blood viscosity values were obtained using the parametric Equation 7 below that
was developed for rat blood and included terms that accounted for the variation of relative
apparent viscosity with vessel diameter and hematocrit level.

η rel = 1 +

e H Dα − 1
(110e −1.42 D ) + 3 − 3.45e −0.035 D
0.45α
e
−1

(7)

with

α=

4
[1 + e

− 0.593 ( D − 6.74 )

]

The wall shear stress, τw is the product of the flowing fluid viscosity and the wall shear rate.
τw was calculated using two different methods. The first method used the viscosity and shear
rate measurements directly from observation sites. The second way considered bulk
parameters applied to theoretical prediction of local conditions. This second method
calculated viscosity from Hd and the Poiseuille estimate of wall shear rate. Figure 22 shows
the schematic of the analyzed venular convergence that is used in the study.

Figure 22. Schematic of an analyzed venular convergence [Kim et al. 2003]
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Measurements were made in each inflow vessel and in the collecting vessel of the regions
with well-developed flow and entrance regions. Across the venular convergence the
normalized values of the τw did not show any location-dependent variation. This is
consistent with the shear rate data. The direct shear rate data showed that the blood flow can
differ from Poiseuillian predictions in its axisymmetry in addition to its nonparabolic shape.
The magnitude of the differences seen in the τw was suggested to correlate with the
functional differences in the integrin-mediated and selectin-mediated leukocyte interactions.

Figure 23. Wall shear stress at seven specified different locations [Kim et al. 2003]

The values of the mean of the absolute viscosity, wall shear rate and wall shear stress at
seven different locations across a venular convergence are depicted in Figure 23. The bars
display the mean values of the parameters for cases C, the collecting vessel; H, the high-flow
vessel; and L, the low-flow vessel.
The observations from this study supported significant differences in τw on opposing
sides of the lumen which in turn can induce differences in their functional characteristics.
One of the outcomes of this study was a demonstration that wall shear rate provides an
appropriate description of wall shear stress. Another observation was that the wall shear
stress does not significantly vary across the convergence regions of postcapillary venules.
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In the current study, a model was created similar to the one in the Kim et al. (2003)
study since the study did consider an appropriate range of vessel diameters and velocity
boundary conditions. The velocity boundary conditions will be used for all models in this
thesis work. The work by Kim et al. also showed that wall shear stress rate can be an
important factor to analyze within a model. The models developed will thus include the
effects of wall shear stress and stress rate on flow.

2.7 Complex convergences
Leukocyte adhesion plays an important role in the inflammatory response in the
vascular system which presents physically complex geometries. Lamkin-Kennard et al.
(2005) studied the distribution of adhesion of leukocytes in branched venular convergences
in vivo. In this study, a mild inflammatory response was induced in mouse cremaster
muscle. The average number of cells per vessel length was obtained over several minutes for
seven geometrically varying venular convergences. Results clearly showed that leukocytes
adhered preferentially at the points between converging vessels independent of geometry.
Below are some the configurations that were analyzed in this study. Figure 24 shows the
first venular junction analyzed in the study. The highest number of leukocytes adhered to
regions 7 and 6, the junction regions. This venular junction had a flow direction from the
daughter vessel into the main vessel.

Figure 24. Asymmetric venular convergence analyzed [Lamkin-Kennard et al. 2005]

The number of cells within each of the regions was counted every 30 seconds over a 12.5
minute period for the geometry in Figure 24. The bar graph in Figure 25 shows the resulting
number of leukocytes within each region. Figure 25 shows the average number of cell per
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vessel length within each region. Regions are classified as upstream (white), downstream
(black) and junctional points (striped). The average rolling velocity was 32.5 ± 1 µm/s.

Figure 25. Asymmetric convergence, number of cells at each region. Highest number of cells seen at
junction regions and across from junction regions [Lamkin-Kennard et al. 2005]

Another part of the study investigated the site of leukocyte adhesion if there were two
venular junctions. The highest number of leukocytes adherence was again seen at the
junctions. Figure 26 shows the more complex venular convergences geometry analyzed.

Figure 26. Complex venular convergence with three inlets [Lamkin-Kennard et al. 2005]

Figure 27 shows the bar graph of the average number of leukocytes within each region
counted every 30 seconds over 7.0 minutes for the junction seen in Figure 26. It is clear that
the highest number of leukocytes adhered at regions 9, 10, 11 and 12 which are junction
points.
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Figure 27. Complex convergence, number of cells at each region. Highest number of cells adhered at
junction regions and across junction regions [Lamkin-Kennard et al. 2005]

Regions are classified as upstream (white), downstream (black) and junctional points
(striped).
Another part of the study investigated if symmetric junctions would change the
placement and number of adhered leukocytes. Figure 28 shows the schematic of a venular
convergence. The highest level of leukocytes adherence was again seen at the junctions.
Regions 7, 8 and 9 had the highest number of leukocytes and were the venular junction
points.

Figure 28. Symmetric venular convergence, similar to a y-junction. [Lamkin-Kennard et al. 2005]
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Figure 29 shows the number of leukocytes within each region counted every 30 seconds over
10.0 minutes for the vessel seen in Figure 28. The average rolling velocity was 48.7±2µm/s.

Figure 29. Symmetric convergence, number of cells at each. Highest number of cells adhered at junction
regions and across junction regions [Lamkin-Kennard et al. 2005]

The Lamkin-Kennard study concluded that leukocytes adhered at the highest levels at the
junction points of venular convergences.
This study noted that little work has been done to determine the distribution of
leukocytes in branched post-capillary vessels. It was also noted that factors such as
hydrodynamics needed to be investigated so that the mechanisms of the adhesive process can
be more fully understood. The study suggested a next step should determine why the
leukocytes adhere most often at junction points. This current thesis will analyze the seven
convergences seen in the Lamkin-Kennard et al. (2005) study using CFD. The wall shear
stress and wall shear stress rate will be evaluated within each convergence. The goal is to
determine if a correlation exists between wall shear stress and wall shear stress rate and the
regions where cells adhered at the highest rates for the Lamkin-Kennard study.

2. 8 Microscale techniques
One of the main goals of the current work is to determine the effect of surface
roughness due to endothelial cells on the bulk flow. Microscale techniques were researched
to determine a way to simulate a bumpy surface that could represent endothelial cells.
Several studies were used to create a process for initial experimentation.
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A study done by Park et al. (2006) describes a technique for cell-micropatterning.
One of the most well-established techniques for micro, nano-fabrication requires steps that
must be carried out with harsh organic solvents as is done in optical lithography or
photolithography. This study presents simple methods for cell-micropatterning using
poly(dimethylsiloxane) (PDMS) as a mold.
The elastic polymer, PDMS is commonly used for forming a pattern in soft
lithography. In microcontact printing (µCP,) a PDMS stamp is inked with the molecules of
interest and transferred to the substrate surface by direct contact. Capillary filling is a simple
and well-known phenomenon and has been systemically studied in the wetting and spreading
of liquids into capillaries. This study focused on the micromolding in capillary methods
(MIMIC).
The PDMS prepolymer used in the study by Park et al. (2006) were Sylgrad 184TM
and Dow Corning. A master structure was created using a photolithography method. PDMS
prepolymer was mixed with a curing agent at a 10:1 ratio and then poured over the master
structure and incubated ~75°. Figure 30 shows the two different methods of fabrication.

Figure 30. Two methods for fabrication [Park et al. 2006]

There are two methods for fabrication of the fibronectin-micropatterned substrate. In method
1, shown under (A) PEG is patterned on a substrate by MIMIC based on UV polymerization
and then incubated with fibronectin. Method 2 is shown under (B). First, fibronectin is pre-
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absorbed from a solution on surface of substrate. Then the PEG is patterned onto the
adsorbed fibronectin by MIMC based on UV polymerization.
The results from the processes as seen in the Figure 30 are spatially well-defined
morphologies. The microchannels were filled with ethylene glycol solution after protein
preadsorption on the bottom surfaces. Figure 31 are SEM images of the alternating PEG and
fibronectin patterns that were fabricated using MIMIC based on UV polymerization.

Figure 31. SEM images [Park et al. 2006]

Image a is 10µm-width line pattern. Image b is a 50 µm-width line patterns, incubated with
fibronectin after PEG microstructures fabrication. Image c is another 10 µm-width line
pattern. Image d is a 50 µm-width lined patterns where PEG was patterned on the preincubated substrates with fibronectin.
A modified MIMIC method based on UV polymerization at room temperature in was
developed in which protein was patterned using a PDMS mold. PEG was chosen because it
provides a physico-chemical barrier to biomaterial attachment. Fibronectin was chosen as a
patterned protein for the following cell-micropatterning. The technique that was proposed in
the study is simple, inexpensive and biocompatible.
The Park et al. (2006) study showed two methods for fabrication of the fibronectinmicropatterned substrate. The study proposes use of PDMS to copy the substrate. This
technique will be used in the current work. This process allows for the creation of surface
roughness and the opportunity for the creation of capillary junctions and networks for future
investigations.
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A document by Harvard-MIT Division of Health Sciences and Technology describes
the manufacturing process for a general microfluidic device which uses either pipette tips, ORing or non O-Ring syringe reservoirs as a fluid delivery method [Lam et al. 2007]. PDMS
should be mixed in a 1:10 ratio of the curing agent and PDMS monomers. PDMS can be a
messy substance so unpowdered disposable gloves should be used when handling it.
An important step of the process is degassing the PDMS. To remove the dissolved
gases from the PDMS, the mixture should be exposed to a vacuum. Usually an hour is
sufficient exposure time [Lam et al. 2007].
A pattern or device is created by pouring liquid PDMS over the surface that contains
the negative of the desired pattern. If a silicon wafer is being used it is important to handle
carefully because of their fragility. It is important to create a boat around the silicon wafer so
PDMS will maintain the proper height once hardened. It is recommended to use regular
aluminum foil to create the boat. Figure 32 shows the process of creating the aluminum foil
boat.

Figure 32. Creating the aluminum foil boat around the silicon wafer [Lam et al. 2007]

If the device requires any fittings, they should be placed on the wafer before pouring the
liquid PDMS.
The next step is the curing process which can take 4-8 hours. The wafer boat should
be placed into an oven for a minimum of 4 hours but optimally for 8 hours overnight. After
baking, the wafer boat should be removed and allowed to cool. Slowly use a knife to cut on
the edge of the wafer along where the wafer and the PDMS meet. Figure 33 shows the
process of removing the aluminum foil boat.
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Figure 33. Process to remove aluminum foil [Lam et al. 2007]

The aluminum foil must be carefully removed. Extra PDMS should be trimmed away from
the silicon wafer. Peel away anything that has been cut off. The removal of the PDMS from
the wafer should be done carefully since the wafer is fragile.
For any created device there is also post processing that can be completed. It can
involve removing of additional PDMS and addition other pieces to the device.
Lam et al. (2006) show a more detailed process for using PDMS. There are several
new steps from this article that could improve model device creation increase the accuracy of
experimental results.
A recent study done by Balabhaskar et al. (2008) aimed at studying the particle
adhesion in the microvascular environment. A methodology was developed so that
microfluidic networks could be accurately prototyped using soft-lithography techniques. The
microfluidic networks were obtained from a digitization of in vivo microvascular topology.
Using photo and soft-lithography techniques, semicircular cross sectional microvascular
networks were created. CFD analyses were also used to provide information about the shear
rate and particle fluxes in the networks.
The process to create the networks began with digitized network images that were
imported into AutoCAD LT. Next the AutoCAD designs were printed on Mylar film at a
high resolution. The mylar film was used as the mask for the ultra-violet light patterning. A
photoresist was coated onto a silicon wafer. The mask was then placed on top and the ultraviolet light was applied. The silicon wafer was then developed and baked on a hot plate. A
mold of the microchannels was created using polydimethylsiloxane (PDMS).
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There were several different experimental aspects of this study. Trypan blue was
injected into the inlet port of the water-primed microvascular network in order to study the
perfusion in the microvascular networks. The next part of the experiment focused on particle
transport and fluorescent particles using 2 µm diameter particles.. Figure 34 shows a
schematic of the microvascular network. It is apparent that there are several outlets and only
one inlet.

Figure 34. Schematic of microvascular network showing the inlet and outlets [Balabhaskar et al. 2008]

Figure 35 shows the microvascular network as created on PDMS.

Figure 35. Microvascular network created on PDMS [Balabhaskar et al. 2008]

The results of this study were significant in that there was good agreement between
experiments and simulations. The simulations agreed well with the path of the Trypan blue
dye and supports that flow resistance across the network are predicted well by the
computational model. At several junctions, the experimentally measured and predicted
values of the particle flux showed statistical agreement. It was also found that the percent
adhesion decreases as shear rate increases. Figure 36 shows the results from the study.
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Figure 36. Percentage adhesion as a function of shear rate. Increasing shear rate decreases the
percentage adhesion. [Balabhaskar et al. 2008]

A significance of this study was that particle location was found to be non-uniform; they
were predominantly found at the microvessel junctions (these two statements seem
contradictory).
The Balabhaskar et al. (2008) study showed the importance of creating in vitro
microvasculature flow chambers. The process that was developed in creating microfluidic
networks could be replicated and new insights into particle adhesion could be found. This
study also supported that adhesion does occur at a higher rate at the microvessel junctions.
Overall the simulations agreed with the experimentation. The limitation for the Balabhaskar
et al. (2008) study was that the channels were semi-circular; in the body the blood vessels
have a circular or elliptical shape. This current thesis work will use a similar methodology to
create CFD models of converging vessels, but focus specifically on whether certain
geometric factors should be included when modeling the inflammatory response.

2.9 Summary
Many studies have investigated various aspects of the neutrophil margination and
adhesion in the biological inflammatory process. Studies have focused on two different
aspects of the inflammatory response, biological factors and fluid mechanics. Goldsmith et
al. (1984) focused on the margination of leukocytes in straight tubes. This study reported a
velocity profile blunting with an increase in the concentration of white blood cells. U. Nobis
et al. (1985) studied the alteration of the distribution of leukocytes and the mechanisms that
drove this distribution. The study concluded that where the wall shear stress is the lowest,
the leukocyte flux is more uniformly distributed across the tube as compared to experiments
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performed using the plasma. This study also showed that the wall shear stress can be an
important factor in leukocyte distribution.
Chapman et al. (1996) developed a large scale model that applied the concept of
dimensional similarity to create a dimensionless correlation to estimate the drag force of
blood flow in an in-vivo vessel on an adhered leukocyte. Chapman et al. (1997) also found
that a single adherent sphere will have areas of low shear directly in front and behind it.
They also showed that the wall opposite the adherent sphere tends to experience a higher
level of shear stresses. Their study showed that shear stress could be an indicator of
margination and adhesion. Sumagin et al. (2008) focused on an analytical solution of the
three-dimensional Stokes flow through a bumpy tube. The results from the study showed
that venules do not exhibit active regulatory changes in the diameter and have been observed
through the study to lie fairly close to the optimal geometry predicted from the Stokes flow
theory.
T. Karino et al. (1979) analyzed the flow patterns that occur in right angled Tjunctions. This study supported that geometric differences in the corners of the junction
points can affect the flow within T-junctions. A study by Bapat (2006) showed that
bifurication angle, branch size and Reynolds number can affect the shear stress. This study
also developed a process from meshing a convergence. A study done by Kim et al. (2003)
focused on two different ways to measure the wall shear rate in blood vessels. One of the
outcomes of this study was a demonstration that wall shear rate provided an appropriate
description of wall shear stress. Lamkin-Kennard et al. (2005) studied the distribution of
adhesion of leukocytes in branched venular convergences in vivo. The Lamkin-Kennard et
al. (2008) study concluded that leukocytes adhered at the highest rates at the junction points
of venular convergences. The study recommended further study to determine why the
leukocytes adhere the most often at the junction points.
A study done by Park et al. (2006) describes a technique for cell-micropatterning.
Park et al. showed two methods for fabrication of the fibronectin-micropatterned substrated.
Lam et al. (2006) reported a more detailed process for using PDMS. A recent study done by
Balabhaskar et al. (2008) studied the particle adhesion in the microvascular environment. A
methodology was developed so that microfluidic networks could be accurately prototyped
using soft-lithography techniques.
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Each study has looked at various factors of netrophil magination; however, no study
to date has investigated which geometric factors should be included when modeling the
inflammatory response. Several factors were analyzed to determine their effect on bulk flow
in this current work. The current work will create more realistic models of in-vivo
convergences to evaluate if bulk flow properties are significant contributors. This current
study is important in that it seeks to determine whether or not certain factors are significant
when modeling the inflammatory response. As evidenced from the summary of the current
literature, the factors to be evaluated in this study have not been fully analyzed to date to
determine their contributions.

3 COMPUTATIONAL AND EXPERIMENTAL METHODS
3.1 Introduction
The primary goal of this investigation was to create specific computational models
that address hydrodynamic mechanisms associated with complex geometries for comparison
to in vitro-models and in-vivo data. Primary geometric factors that were investigated include
surface roughness, branched geometries, numbers of convergences, and junctional
geometries. CFD modeling is used to compare previous experimental studies of bulk flow
properties and identify geometric factors of interest. Understanding the bulk flow is the first
step in developing predictive models of the inflammatory response in complex geometries.
Analytical modeling was done so that CFD modeling could be validated.

3.2 CFD Method
3.2.1 Introduction
CFD models were created to determine the effects that surface roughness, branched
geometries, numbers of convergences, and junctional geometries have on bulk flow. To
validate the CFD modeling methodology and results, a known geometry, a cylinder, was
modeled first and results compared to the analytical solution described previously. Two
models were then created to determine the effect of surface roughness. More sophisticated
models were created to evaluate the effect of squared vs. rounded T-junction configurations.
A y-junction was also created to determine the effect of junction angle. Seven complex
convergences from Lamkin-Kennard et al. (2005) were modeled. These models allowed for
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the effects of various junction angles, vessel diameters and number of junctions to be
analyzed.

3.2.2 Process of Creating Models
Several different modeling techniques were used to create the 2D geometric models,
depending on the complexity of the geometry being modeled. The basic cylinder, all 4 Tjunctions and the y-junction were modeled by drawing the geometry in Solidworks. The
roughness for both the rough cylinder and the large scale plate, were defined as two different
sinusoidal curves in excel. The geometry of the sinusoidal was then imported using the curve
coordinates (x, y, z) into Solidworks.
The complex convergences were created by importing a bitmap of each convergence
into Matlab. Each convergence was then converted in pixels. A Matlab code was developed
by Daniel Segar (RIT student) that would read the data for a given wall within a specified
region. Each region was defined by a polygon. The data would occasionally have several xcoordinates for the same y-coordinate thus a smoothing process was added to the code to
result in only one x-coordinate for each y-coordinate. The smoothing process may have
reduced accuracy, but it still maintained the overall roughness of the walls. After smoothing,
the data for each of the walls was then imported into excel. Each set of data was changed
from pixels into microns. The data was then imported as a curve in terms of x, y and z
coordinates into Solidworks then made into a surface. After a model was created in
Solidworks it was exported to Gambit pre-processing software in .STEP format.
In Gambit, zones corresponding to inlets, outlet and walls were defined. The model
was then meshed at its edges and face. Several meshing schemes were attempted to
determine the best scheme for each model. A tri mesh creates elements that have the shape
of a triangle. A quad mesh creates elements that have the shape of a square. Other mesh
schemes resulted in skewed elements that were extremely misshapen. The skewed or
misshapen elements will likely result in inaccurate results. Quad pave mesh was used since it
had a very few number of skewed elements or none at all. Out of all the meshing schemes
Quad Pave was yielded the most accurate results.
For each model included in this work a grid study was performed until the accuracy
of the solution was independent of the size of the mesh. A proper grid study will take a
model and, using the same meshing scheme, increase the number of elements and solve the
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model. The process of increasing the number of elements should be done until a designated
percent difference is reached. For this study, a percent difference of five was used. The
model solution was then sliced in a few keys place to determine the percent difference
between various mesh sizes. For this study, each model was meshed four to six times, and for
each iteration, the interval size was decreased. Each model was then imported into Fluent
and solved. In Fluent the boundary conditions, the fluid and the scale of the model was
defined. The residuals, continuity, x-component and y-component were set at 1e-13 for all
the models. All models ran until the residuals flattened out at a value of about 1e-7. For each
model, two separate places were sliced and the magnitude of the velocity data was exported.
The size of the mesh would affect the number of points that were in each exported data set,
thus the maximum number of points for each slice was used. A model was considered to
have grid independence if one of the sets of final case data was less than 5% more accurate
then the previous case. Since the first set of data was sliced at a location were there was not
rapid changes in the velocity, 5% difference was the highest allowed. The second set of data
only allowed 10% difference since this slice was usually at locations where there were rapid
changes in the velocity. Because the data were collected at the most extreme locations, the
computational limitation of 10 % was reached. A grid study was completed for each model.
The grid study was completed by comparing the first case to the second case. Then, the
second case was compared to the third case and so forth.

3.2.3 Governing Equations
The Continuity equation and the Navier-Stokes equations are used to derive the equations for
the overall solution to a complex convergence. Several assumptions are made so that a base
solution can be found. The continuity equation in cylindrical coordinates is shown in
Equation 8. The Navier-Stokes equations in cylindrical coordinates for r, theta and z are seen
in equations 9, 10 and 11 respectively.
Continuity Equation:
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(9)
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3.2.4 Assumptions
The assumptions for the analytical models are:
• Flow is incompressible
• Flow is steady
• Body forces can be neglected → ρgr = ρgө= ρgz = 0
• Geometries are two dimensional

3.2.5 Applying Assumptions
Equation 12 shows when the models are assumed 2D and the middle term that drops out in
the Continuity Equation.

1 ∂
(ru r ) + 1 ∂uθ + ∂u z = 0
∂z
r ∂r
r ∂θ
(12)
For the r-component of the flow is assumed steady so the (time-dependent) term drops out.
The third term drops out since u r is equal to zero. The fifth, eighth, eleventh term drops out
since uθ is equal to zero. The final term drops out since there is no gravity effect in the rdirection. Equation 13 shows the r-component of the flow and the terms that drop out.
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For the Ө-component, the flow is assumed steady so the first term drops out. The last term
drops out since there is no effect of gravity in the theta direction. All other terms drop out
since uθ is equal to zero. The fifth, eighth, eleventh term drops out since uθ is equal to zero.
Equation 14 shows the Ө-component of the flow and the terms that drop out.
 1 ∂  ∂uθ  1 ∂ 2uθ ∂ 2uθ 2 ∂u r uθ
∂u
∂u
u ∂u
uu 
1 ∂P
 ∂uθ
+ ur θ + θ θ + u z θ + r θ  = −
+ µ 
+ 2 + 2
−
r
+ 2
2
∂r
∂z
r ∂θ
r 
r ∂θ
∂z
r ∂θ r 2
 ∂t
 r ∂r  ∂r  r ∂θ

ρ


 + ρgθ

(14)

For the z-component, the flow is assumed steady so the first term drops out. The second
term drops out since u r is equal to zero. The third term drops out since uθ is equal to zero.
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The last term drops out since there is no effect of gravity in the z-direction. Equation 15
shows the z-component of the flow and the terms that drop out.
∂u u ∂u
∂u
 ∂u z
+ ur z + θ z + uz z
r ∂θ
∂r
∂z
 ∂t

ρ

 1 ∂  ∂uz  1 ∂ 2u z ∂ 2u z 
∂P


µ
+ 2  + ρg z
=
−
+
r
+ 2

2
∂z 
∂z

 r ∂r  ∂r  r ∂θ
(15)

Since a complex junction can have varying junction angles and surface roughness, the
solution cannot be solved analytically and numerical methods are required. However, a more
basic case that can be solved analytically is a 2D cylinder. There is an additional assumption
that the velocity is now only a function of the radius. There is only one velocity and it is in
the z-direction only. With this assumption there are additional terms that will drop out of
Equation 12 the equations and the equations become Equation 16 below:
The term below drops out since u r is now equal to zero.

1 ∂
(rur ) + ∂uz = 0
r ∂r
∂z
(16)
The second, third and fourth term below drops out of Equation 13 and becomes Equation 17
since u r is now equal to zero.
 1 ∂  ∂u r  1 ∂ 2 u r ∂ 2 u r u r 
1 ∂P
= υ 
+ 2 − 2 
+ 2
r
2
ρ ∂r
r 
∂z
 r ∂r  ∂r  r ∂θ

(17)

The first term drops out of Equation 14 and becomes Equation 18 from the continuity
equation. The final term below drops out since u z is not a function of z.



ρ  uz

 1 ∂  ∂uz  ∂ 2u z
∂P
∂u z 
+ µ 
+
=−
r
2
∂z
∂z 
 r ∂r  ∂r  ∂z



 (18)

3.2.6 Final Equation
The final equation for a solution to a basic 2D cylinder is shown in Equation 19.
∂P
 1 ∂  ∂uz  
= υ 
r
 
∂z
 r ∂r  ∂r   (19)

The final equations for a solution for a complex convergence are shown in Equations 20, 21
and 22.
∂u
1 ∂
(ru r ) + z = 0 (20)
r ∂r
∂z
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1 ∂P
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 1 ∂  ∂uz  ∂ 2 u z
∂P


µ
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−
+

r
+
2
∂z
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(22)

3.2.7 Baseline Case Model Validation
The modeling in this study was all done in 2D since it was determined that effects of
specific geometric factors could be more easily isolated and analyzed in 2D. This is the first
time that geometric factors are being studied thus the simplest case was modeled first so that
future research can build on these initial results. Validation of the general methodology was
proven by first modeling a 2D cylinder. The 2D cylinder was created in Solidworks. Several
mesh schemes were attempted for the 2D cylinder. Once a mesh scheme was determined to
create the least skewed elements it was used for the grid study. The mesh scheme shown to
create the least skewed elements for the baseline 2D cylinder was a Quad: Pave face mesh.
For the baseline 2D cylinder the edges were meshed and then the face was meshed using a
Quad Pave scheme.
Data were exported and points on a vertical line in the middle of the cylinder were
created so that the velocity magnitudes on that line could be compared for various grid sizes.
Five different interval sizes were analyzed to assess grid independence. The table below
shows the percentage difference for each of the schemes compared to scheme 5, the smallest
mesh. Only one slice was made for the cylinder since it has a uniform velocity in the axial
direction. .
The 2D cylinder modeled had a radius of 90 µm and the velocity at the inlet was
369.6 µm/s. The boundary conditions for all models are based on data from Kim and
Sarelius (2003).
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Figure 37. Schematic of cylinder

Figure 39 shows the grid study for the cylinder.
Case

Edge Mesh (Interval Size)

Face Mesh

Interval Size

Velocity Magnitude % Difference

1

0.1

Quad Pave

0.1

2

0.08

Quad Pave

0.08

3

0.05

Quad Pave

0.05

4

0.04

Quad Pave

0.04

1.88
1.60
0.83
0.80

5

0.03

Quad Pave

0.03

-

Figure 38. Cylinder grid study

Figure 39 shows a comparison of the velocity magnitudes obtained using analytically and
using CFD. As seen in this figure, good agreement is shown between the obtained profiles.
The peak velocity between the analytical solution and the numerical solution is 24.2%.

46

95

Numerical Solution
Analytical Solution

85

Radial Distance (µm)

75
65
55
45
35
25
15
5
-5 0

100

200

300

400

500

600

Velocity Magnitude (µm/s)

Figure 39. 2D cylinder comparison of numerical solution to analytical solution

3.3.3 Results
3.3.3.1 Introduction
Several CFD models were created to determine if certain geometric factors should be

included when modeling the overall inflammatory response. The models are based on
geometric and kinematic factors reported in the literature and observed from in-vivo images.
The aim of this thesis is to determine how specific geometric factors, including surface
roughness could affect cell margination and adhesion. Comparisons of flow results to
observed adhesion patterns were used to validate important study results.
3.3.3.2 Effect of roughness

A topic that has not been thoroughly explored is the effects of wall roughness, due to
endothelial cells, on blood flow in blood vessels. Most studies to date have modeled venules
with smooth walls, thus a model was created to determine if roughness should be included
when evaluating an overall model for the inflammatory response. The model created was a
basic cylinder that had a roughness representative of the endothelial cells that line the blood
vessels. The roughness on the wall was defined using the major and minor axis lengths of
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endothelial cells in a venule measured in vivo by Sumagin et al. (2008). The roughness was
modeled as a sinusoidal curve where the minor axis defined the amplitude and the major axis
defined the frequency. A model was created that had the same diameter as the smooth
cylinder described previously, but also included the roughness representative of the
endothelial cells. Figure 40 shows the geometry and boundary conditions for the cylinder
with surface roughness.

Figure 40. Schematic and boundary conditions of cylinder with rough walls model

Quantitative results from the grid study can be seen in Figure 41. For the grid study,
velocities at two different locations were considered, “long slice” and “short slice”. “Long
slice” refers to a slice from a peak on the top wall down to a trough on the bottom. This long
slice is the longest y-distance possible. The short represents a slice from a trough on the top
wall to a peak on the bottom wall. This short slice is the shortest y-distance possible.

Case

Edge Mesh
(Interval Size)

Face Mesh

Interval Size

Long velocity magnitude %
difference

Short velocity magnitude
% difference

1

12

Quad Pave

12

17.07

13.43

2

10

Quad Pave

10

13.53

9.59

3

5

Quad Pave

5

5.47

2.51

4

2.5

Quad Pave

2.5

-

-

Figure 41. Grid study of cylinder with rough walls

The velocity magnitude pathlines for the cylinder with rough walls is shown in Figure 43.
The pathlines show that there is low velocity at the walls especially at the troughs.
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Figure 42. Velocity magnitude pathlines

A comparison of the velocity magnitudes for the long and short slices is shown in Figure 42.
The data shows that the long-slice velocity profile has an additional low velocity area that
represents an increased stagnation region. This additional stagnation area could promote
neutrophil adhesion because stagnation regions have lower flow velocity. If the velocity of
the flow is lower there is a higher chance that a neutrophil will adhere because of a longer
dwell time near the wall; it will be less likely to be pushed off the wall.
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Figure 43. Comparison of velocity magnitudes between “long” vs “short” slices. Note: additional low
velocity regions

In fluid mechanics wall shear stress is the force per unit area imparted on the wall by the
motion of the fluid. If neutrophils migrate towards the wall, wall shear stress can be a
significant factor on whether they adhere or not. A study by Kim and Sarelius (2003)
supported that differences in wall shear stress may promote preferred neutrophil action with
the venule wall. This current study will investigate wall shear stress as a significant factor in
promoting neutrophil adhesion. The wall shear stress on the top and bottom wall of the
rough cylinder can be seen in Figure 43. Note that the wall shear stress is the same for the
top and bottom wall and it also follows the roughness of the wall. The wall shear stress is
zero at the trough regions. A trough region is the maximum height on the top wall and the
minimum height on the bottom wall.
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Figure 44. Shear stress predicted in a rough cylinder wall shear stress. The shear stress follows the wall
geometry

A model was also created that replicated the sinusoidal plate that was used in the
experimental section of this work. The model represents a flow chamber with a smooth wall
on top and a rough bottom wall. Results from the grid study for the large scale flow chamber
model (hereafter referred to as “large scale” model) can be seen in Figure 44.
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Figure 45..Schematic and boundary conditions of large scale flow chamber model

For this geometry, the “long slice” is a slice from the top wall down to a trough on the
bottom. The long slice is the longest possible y-distance. The “short slice” represents a slice
from the top wall to a peak on the bottom wall. The short slice is the shortest possible ydistance. The grid study for the large scale model is shown in Figure 45.

Case

Edge Mesh
(Interval Size)

Face Mesh

Interval Size

“Long slice” velocity
magnitude % difference

“Short slice” velocity
magnitude % difference

1

50

Quad Pave

50

12.35

33.76

2

25

Quad Pave

25

8.88

12.76

3

10

Quad Pave

10

6.73

4.86

4

9

Quad Pave

9

-

-

Figure 46. Large scale grid study

The comparison of the “long slice” vs the “short slice” velocity magnitude is shown in Figure
46. There is a small but noticeable additional region of low velocity in the “long slice”
velocity magnitude profile. This area is seen in the lower left hand corner of the graph.
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Figure 47. Comparison of velocity magnitude: long vs. short slices. Note additional low velocity area is
seen on the long line velocity magnitude.

The wall shear stress on the top and bottom wall is seen in Figure 47. The top wall shear
stress is zero. The bottom wall shear stress follows the shape of the rough wall. The lowest
wall shear stress is seen at the trough regions of the wall. The highest wall shear stress is
seen at the peak regions of the wall.
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Figure 48. Large scale wall shear stress. Note: wall shear stress follows wall geometry

The low wall shear stress seen in the trough regions may be a region where neutrophils may
preferentially migrate and adhere.

3.3.3.3 Effect of Junctional Shape (Smooth vs. Round) in T-junctions
In this study, the effect of geometrical differences at a junction region was analyzed using

several T-junctions. Karino et al. (1979) investigated the effect of junction region shape on
the flow within T-junctions. The study by Karino et al. (1979) was the basis for this portion
of the current study. A T-junction is defined as two vessels that join together at a 90º
symmetrically. A T-junction can also be defined as two blood vessels that join together so
that they create an upside down T. A T-junction with a squared junction region was first
created. Three T-junctions with curved junction region with radii of 15, 35 and 45 µm were
also created. Representative schematic and boundary conditions for the T-junction with a
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straight junction region can be seen in Figure 48. For all the models, the bottom or
horizontal vessel is 90 µm in diameter while the top or vertical vessel is 60 µm.

Figure 49. Schematic of T-junction with squared junction joining region with boundary conditions.

A grid study was completed for the squared T-junction and the results can be seen in Figure
49. The first slice for the grid study was taken before the junction and is shown by the red
line in Figure 48. The second slice was taken after the junction and is shown by the blue
line in Figure 48.
Depth

Face
Mesh:
Quad/Pave

Before Junction (red
line) velocity magnitude
% difference

After Junction (blue line)
velocity magnitude %
difference

0.8

0.5

insufficientdata points

Insufficient data points

Case

Boundary
layer: Uniform

Growth

Rows

1

0.1
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Figure 50. Results from squared-T-junction grid study

Figure 50 shows the velocity magnitude slice before the junction and corresponds to the red
line in Figure 48.
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Figure 51. T-junction with straight junction joining region, velocity magnitude midway left curved wall..

T-junctions with curved junction joining regions will be sliced in the same location and
compared to this baseline velocity magnitude profile. Figure 51 shows the velocity
magnitude slice after the junction and corresponds to the blue line in Figure 48.
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Figure 52. T-junction with straight junction joining region, velocity magnitude right before right curved
wall

T-junctions with curved junction joining regions will be sliced in the same location and
compared to this baseline velocity magnitude profile.
To determine the effect of the junction region on the flow, three models were created
with curved junction regions of various radii. Figure 52 shows how the radius of curvature
(R) is defined.

Figure 53. Definition of radius of curvature

Figure 53 shows the mesh used for the T-junctions with curved junction regions. Note that
there is additional area that is covered by the grid but there are no pathlines present.
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Figure 54. Grid of T-junctions with curved junction regions with velocity pathlines. Note: There is
additional grid with no pathlines.

The first T-junction model created has a radius of curvature of 15 µm. Figure 54
shows the schematic for the T-junction with a radius of curvature of 15 µm and the boundary
conditions.

Figure 55. T-junction with curved junction joining region with 15µm radius schematic and boundary
conditions

Figure 55 shows the grid study that was completed for the T-junction with curved junction
joining region with 15µm radius. In Figure 54 the red line shows the slice midway through
the first curve and the blue shows the slice was before the start of the second curve. The first
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slice was taken at midway through the first curve so that a region of most rapid change would
be accounted for in the grid study. Figure 55 shows the grid T-junction with curved junction
joining region with 15µm radius.
Face
Mesh:
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Midway point left curve
(red line) Velocity
magnitude % difference

Pre-2nd curve (blue line)
Velocity magnitude %
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Figure 56. Results from grid study of T-junction with curved junction joining region with 15µm radius.

Figure 56 shows the velocity magnitude midway through the first junction corresponding to
the red line in Figure 54.

Figure 57. T-junction with curved junction joining region with 15µm radius, velocity magnitude midway
left curved wall. Note: Additional low velocity region near left curved junction wall.

The velocity magnitude in Figure 56 has a lower velocity region near the curved junction
wall. This is different from the T-junction with the square junction region. The square
junction region had a uniform parabolic velocity profile. The additional lower velocity
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region seen in the T-junction with the curved junction could promote neutrophil adhesion.
Figure 57 shows the velocity magnitude before the second curve corresponding to the blue
line in Figure 54. It is important to note that the velocity magnitude does not go zero at the
right curved junction wall.

Figure 58. T-junction with curved junction joining region with 15µm radius, velocity magnitude right
before right curved wall

The next modeled T-junction had a curved junction region with a radius of 35 µm. Figure 58
shows the schematic for this T-junction and the corresponding boundary conditions.
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Figure 59. Schematic with boundary conditions of rounded T-junction with 35µm radius.

Figure 59 shows the grid study that was completed for the T-junction with a radius of 35 µm.
In Figure 58, the red line shows the slice midway through the first curve and the blue shows
the slice was before the start of the second curve.
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Figure 60. Results from grid study of T-junction with a radius of 35 microns

Figure 60 shows the velocity magnitude midway through the first junction corresponding to
the red line in Figure 58.
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Figure 61. T-junction with curved junction joining region with 35µm radius, velocity magnitude midway
left curved wall. Note: Additional low velocity region near left junction wall.

The velocity magnitude for the T-junction with the curved region radius of 35µm has an
additional lower velocity region that the T-junction with the straight junction region does not.
In addition, the lower velocity region for the T-junction with the 35µm radius curved
junction region is larger than the T-junction with the 15µm radius curved junction region.
Figure 61 shows the velocity magnitude before the second curve corresponding to the blue
line in Figure 58. It is important to note that the velocity magnitude does not go zero at the
right curved junction wall.
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Figure 62. T-junction with curved junction joining region with 35µm radius, velocity magnitude right
before right curved wall

The next T-junction has a curved junction region with a radius of 45 µm. Figure 62 shows
the schematic for this T-junction and the corresponding boundary conditions.

Figure 63. Schematic with boundary conditions of rounded T-junction with 45µm radius.
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Figure 63 shows the grid study that was completed for the T-junction with a radius of 45 µm.
In Figure 62 the red line shows the slice midway through the first curve and the blue shows
the slice was before the start of the second curve.
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Figure 64. Results from grid study of T-junction with a radius of 45

Figure 64 shows the velocity magnitude before the 2nd curve.

Figure 65. T-junction with curved junction joining region with 45µm radius, velocity magnitude midway
left curved wall. Note: Additional low velocity region near left junction wall.

The velocity magnitude for the T-junction with the curved region radius of 45µm also has an
additional lower velocity region that the T-junction with the straight junction region does not
have. The lower velocity region for the T-junction with the 45 µm radius curved junction
region is larger than the T-junctions with the 15 µm and 35 µm radius curved junction
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region. Figure 65 shows the velocity magnitude midway through the second curve. It is
important to note that the velocity magnitude does not go zero at the right curved junction
wall.

Figure 66. T-junction with curved junction joining region with 45µm radius, velocity magnitude right
before right curved wall

A comparison of pathlines between the T-junction with a straight junction region and a Tjunction with a curved junction joining region.
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Figure 67 T-junction with straight junction joining region. Pathlines with velocity magnitude shown.

Figure 68 T-junction with curved junction region. Pathlines of velocity magnitude.

Another parameter that was also examined was vorticity. Vorticity is twice the
angular velocity of a fluid element. The vorticity is an important parameter to investigate
since it represents the angular velocity on the walls. Previous work by Lamkin-Kennard
(Presented at Biomedical Engineering Society Annual Meeting 2004) suggests that a
correlation exists between the rotational component of the flow perpendicular to the wall and
the rolling velocity of neutrophils. If the angular velocity is low then there is lower chance
that the vorticity is influencing the path of the neutrophils.
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The size of the curvature could affect neutrophil adhesion. Figure 66 below shows
the vorticity for all three curved T-junctions. There is a lower vorticity region in the center
of the curved wall. This may promote neutrophil adhesion on the center of that junction.
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Curved region 35µm
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Figure 69. T-junctions with curved junction joining regions, vorticity at left curve. Note: Additional low
vorticity area with larger radius of curvature.

Based on Figure 66, it is clear that if there is a large radius, the vorticity flux in the
middle of the curve is lower. The graph also shows that for a larger radius of curvature there
is a larger area of low vorticity. This additional lower vorticity area may promote a great
percentage of neutrophil adhesion. Future studies should focus on quantifying how the size
of the lower vorticity region correlates with observed adhesion in vivo.
Figure 67 below shows the wall shear stress for all three T-junctions with curved
junction joining regions.
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Figure 70. T-junctions with curved junction joining regions, wall shear stress at left curve wall. Note:
Additional low wall shear stress area with larger radius of curvature.

Based on Figure 67, it is clear that if there is a large radius the wall shear stress flux
in the middle of the curve is lower. The graph also shows that for a large radius of curvature
there is a larger lower shear stress area. This additional lower shear stress area may promote
a great percentage of neutrophil adhesion and should also be evaluated in future studies. At
the middle point of the left curved junction joining wall there is a positive wall shear stress
flux. The wall shear stress flux decreases with an increase in the size of the curve radius.
An important region in convergences is the opposing wall across from a junction (red
wall in Figure 68). Neutrophils have been shown to adhere there at a higher frequency than
in other areas of a junction, excluding the specific junctional regions [Lamkin-Kennard et al.
2005]. Figure 68 shows the wall shear stress for all four T-junctions on the bottom wall. The
center of the graph lines up with midway through the vertical vessel. For all four cases, there
is a lower wall shear stress before the junction. In the middle of the junction region there is a
rapid increase in wall shear stress. After the junction the wall shear stress levels off at a
higher shear stress value.
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Figure 71. T-junctions wall shear stress on bottom wall

To examine if the size of the curve affects the wall shear stress a zoomed in graph was
created. Figure 69 shows that the overall shape of the curve is similar for all four cases.
However, the absence of or size of the curve changes the onset of the position where the
change in wall shear stress first occurs. The data show that the wall shear stress for the
straight T-junction lies in between the T-junctions with curved regions of radius 15 µm and
45 µm. The T-junction with curved junction of radius 15 µm had the smallest low shear
stress area and is the first case to exhibit an increase in wall shear stress as a function of
position. The curved T-junction with a radius of 35 µm has an increase in wall shear stress at
the largest x-position.
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Figure 72. Close up on T-junctions wall shear stress on bottom wall

The data shown in Figure 69 was used to determine the slope of wall shear stress as a
function of position. Figure 70 shows the wall shear stress for each T-junction on the wall
opposite the main junctions. The wall shear stress entering and exiting the region is shown.
The slope of the line shows the change in wall shear stress as a function of position. The
slope is highest for the T-junction with a straight junction joining. The slope decreases will
an increasing radius of curvature. Future studies could systematically look at the radius of
curvature to evaluate if the convergence configurations are optimized to promote or reduce
wall shear stresses in convergences.
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Figure 73. All T-junctions wall opposite main junctions. Highest wall shear stress is seen exiting the
junction region.
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T-junctions with a curved junction region showed a larger lower velocity area than the
T-junction with a squared junction region. The T-junctions with a curved junction region
also had zero vorticity and wall shear stress at points in the center of the left curved wall.
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Overall, the T-junctions with curved junctions showed that there are points of zero
wall shear stress and vorticity zero midway through the left curved wall. The larger the
radius of curvature, the larger the size of the low wall shear stress region and vorticity region.
If the radius of curvature increases, the wall shear stress flux and vorticity flux decrease.
Results shown in Figure 70 show that for the wall across from the junctions the highest wall
shear stress is seen exiting the junction region.
3.3.3.4 CFD Modeling of Y-junction Geometries
Y-type geometries are important to model since they are representative of

symmetrical convergences which are frequently found in vivo. Kim and Sarelius (2003)
studied a specific y-junction with specified boundary conditions. A y-junction is defined as
two daughter vessels that join symmetrically into a mother vessel. The vessel can be
orientated in any matter but the relation of the mother to the daughter vessels is important.
The mother vessel is usually larger and is the base of the Y. The two daughter vessels are
smaller and typically similar diameters and together form a V. The geometry from Kim and
Sarelius (2003) was recreated in Solidworks and then solved in Fluent using the defined
boundary conditions. Figure 71 shows the geometry and boundary conditions used to model
the y-junction.

Figure 74. Y-junction schematic and boundary conditions
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Figure 72 shows results from the grid study for the Y-junction seen in Figure 71. In Figure
71 the red line shows the slice at the main junction and the blue line shows the slice at the
beginning of the straight portion of the model.
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Figure 75. Grid study for baseline y-junction

Figure 73 shows the velocity magnitude at the start of the straight portion of the model.

Figure 76. Y-junction velocity magnitude at straight location slice

Figure 74 shows the velocity magnitude at the junction region. Due to the boundary
conditions there are two parabolic profiles varying in magnitude. The actual junction point
has zero velocity which could support adhesion of neutrophils.
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Figure 77. Y-junction velocity magnitude at junction location slice. Notethe low velocity at junction point

Two additional slices were made at the junction region, parallel to each inlet. Figure 75
shows the slice for the top inlet. At the junction point there is an almost zero velocity seen.
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Figure 78. Y-junction velocity magnitude slice parallel to top inlet. Low velocity seen near junction walls.

Figure 76 shows the second slice that was made parallel to bottom inlet. There is also an
almost zero velocity seen at the junction region.
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Figure 79. Y-junction velocity magnitude slice parallel bottom inlet. Low velocity seen junction walls.

At the junction there is a low velocity region that has been shown to correlate to a higher area
of neutrophil adhesion [Lamkin-Kennard et al. 2005].
As previously described, wall shear stress was looked at in past studies to determine
if it correlates with neutrophil adhesion [Kim and Sarelius, 2003], thus it is a factor that was
looked at in this study. It is possible that shear stress could be an indication of the whether
neutrophils will adhere in a certain area. Figure 77 below shows the wall shear stress seen at
the main junction. The data shows that for both walls of the junction there is a low shear
stress coming into the junction and then a rapid increase at the junction point. At the junction
point there is also a high wall shear stress flux. Wall shear stress flux is the change of wall
shear stress over a given distance. Since most of the junction regions are small distances,
rapid change in wall shear stress could be an aspect of fluid flow. In Figure 77, the negative
x-distance corresponds to areas upstream of the convergence. The top graph shows the
schematic of the convergence.
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Figure 80. Computed wall shear stress at main junction of Y-type junction. Rapid increase of wall shear
stress on both vessel walls entering junction region.

The region across from the junction has been shown to have a higher occurrence of
neutrophil adhesion [Lamkin-Kennard et al. 2005]. Figures 78 and 79 shows the wall shear
stress across from the main junction. Figure 78 shows the wall shear stress for the bottom
junction. It is seen that before and after this junction there is a low wall shear stress. At the
junction point there is high wall shear stress and a high wall shear stress flux.
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Figure 81. Y-junction wall shear stress in lower region across from junction. Rapid increase in wall
shear stress at junction point and then rapid decrease right after junction point.

Shown in Figure 78 is the main junction point, which correlates to an X-distance of 0*10-4 m.
Entering the main junction point there is a positive high wall shear stress flux. After the
junction point this is a negative high wall shear stress flux. The geometry of this y-junction
has a second region which is across from the main junction. Figure 79 shows the wall shear
stress for the top junction. It shows that before and after this junction there is a low wall
shear stress. At the junction point there is high wall shear stress and a high wall shear stress
flux.
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Figure 82. Y-junction wall shear stress in higher region across from junction. Rapid increase in wall
shear stress at junction point and then rapid decrease right after junction point.

All of the junction regions showed a large spike in shear stress at the junction points. This is
expected since the area on which the fluid force is being applied is so small that the wall
shear stress jumps very rapidly. Overall, the y-junction showed that at the three junctions
there was low wall shear stress before and after the junction. At the junction point there was
a high wall shear stress flux. The numerical model of this Y-junction shows that for Y-type
junction there are areas where neutrophils could adhere due to a high wall shear stress flux is
at the junction regions.
3.3.5.5 Complex convergences

3.3.5.5.1 Introduction and process
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The next phase of modeling involved numerical analysis of more complex geometries.
Complex convergences were chosen to be analyzed since they are representative of real
venular junctions in the body. The complex convergences selected for analysis were
originally studied by Lamkin-Kennard et al. (2005). In the study, seven different
convergences were analyzed. A method for extracting the convergence data needed to be
created in order to compare previously reported experimental results to CFD results
generated within this thesis study. An initial approach was to take video images of the
complex convergences obtained from the University of Rochester and perform a step-by-step
copy of the location of each data point in the convergence. Because it was hard to
distinguish the endothelial wall from a moving cell, this process was not used.

Another

method for extracting the geometry of the convergences was to visually look at the screen for
the location points of the walls in pixels. Since this would be dependent on the accuracy of
the human eye and large errors could be introduced, this method was not used.
To overcome these limitations, a third method was developed to extract the data to
create the outline of the convergences. The method used was to copy each figure directly
from a PDF image of the article by Lamkin-Kennard et al. (2005). The convergences were
then brought into Microsoft Paint where any lines that were not part of the convergence were
erased so that only the outline of the convergence remained. The image was then saved as a
monochrome bitmap image as shown in Figure 80.

Figure 83. Monochrome bitmap image of Lamkin-Kennard et al. (2005) Figure 1

This image was then input into Matlab using a code specifically written to extract the data
from the bitmap. This Matlab code was created by Daniel Segar (RIT student). The code
would read the bitmap as an array and then output into a graph to create the vessel outline.
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Since the data would then require importing into Solidworks as an (x,y,z) curve, the array
needed an additional operation. The created array had several y values at a given x distance
so it could not be imported in Solidworks. Code was created to take the y values at one x
value point and average them. Within the code one could change the polygon that would
encompass that portion of the array and then create one average value within the defined
area. A smoothing process was performed in the code so that a line had one x-coordinate at
each location for each y-coordinate. This process reduced accuracy but it still maintained the
overall roughness of the walls. The data for each of the walls was then imported into Excel.
Each set of data was also converted from pixels into microns. The data was then imported
as curve (x, y, z) into Solidworks. The curves were then joined to create a 2D surface. The
process of completing these models was previously explained in 3.3 CFD Methods.

3.3.5.5.2 T-type convergences
The first type of complex convergences to be analyzed were t-type convergences. T-type
convergence 1 geometrically looks like a T-junction with an offset angle. The daughter
vessel is smaller than the mother vessel into which it is joining. In Figure 81 the red line
shows the slice at the main junction and the blue shows the slice at the straight portion of the
model.

Figure 84. T-type convergence 1 schematic and boundary conditions
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The grid study for T-type convergence 1 is shown in Figure 82.
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Figure 85. T-type convergence 1 grid study

The slice at the straight portion of the convergence, represented by the blue line in Figure 81
yielded a parabolic velocity magnitude profile. This graph can be seen in Appendix B.2.
Figure 83 shows a slice at the junction point, represented by the red line in Figure 81. At the
wall there is a region of low velocity representative of a stagnation region which could lead
to an increased probability of neutrophil migration

Figure 86. T-type convergence 1 velocity magnitude at straight location slice. Note the low velocity at
junction point.

80

A slice parallel to the lower inlet at the junction region was also taken. The velocity
magnitude for this slice is seen in Figure 84. The velocity magnitude profile is parabolic
showing that the flow is fully developed in this junction region.

Figure 87. T-type convergence 1 slice parallel to lower inlet. There is low velocity regions near junction
walls.

Wall shear stress is an important indicator of whether a neutrophil will adhere to the
blood vessel wall or not. Figure 85 shows the wall shear stress at the main junction region.
The larger vessel wall, in green, has a lower wall shear stress. The smaller wall, in blue, has
a higher shear stress. At the junction point there is a high wall shear stress flux.
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Figure 88. T-type convergence 1 the wall shear stress on the main junction walls. There is a high shear
stress flux at junction point.

As previously described for the t-junction, another region that has been shown in
previous studies to have a higher adhesion probability is the wall opposite the junction
region. The analysis of the squared and rounded t-junctions showed that wall opposite from
the junction region has a lower wall shear stress that rapidly increases directly across from
the junction. This is similar to what is seen in the top wall of convergence 1. The wall shear
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stress on the top wall can be seen in Figure 86. There is a noticeable decrease in wall shear
stress at the region across from the junction.

Figure 89. T-type convergence 1 wall shear top wall. Increase of wall shear stress after junction point.

For T-type convergence 1, the wall shear stress at the region across from the two main
junctions goes from high to low as the convergence is traversed. Similar results are seen in
the T-junction with a straight junction region and the T-junctions with curved junction radii
of 15 µm, 35 µm and 45 µm respectively.
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Figure 87 shows wall shear stress in another region that is in the main junction. The
data show that there is a high wall shear stress before the junction, and there is a rapid
decrease after the junction point. It is also apparent that there is a high wall shear stress flux
at the junction region.

Figure 90. T-type convergence 1 wall shear stress left bottom wall. The wall shear stress is high enetering
the junction region. Through the junction region it decreases. There is high wall shear stress flux across
main junction region.

T-type convergence 1 shows that at junction regions there are regions of low shear stress and
high shear stress which create a high wall shear stress flux in the center of the junction. The
region directly across from the junction was shown to also have a high wall shear stress
entering the junction region and then decreasing through the junction region. T-type
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convergence 2 has a very small daughter vessel that joins into a large mother vessel. It is
similar to a t-junction that has curved junction regions. In Figure 88 the red line shows the
slice at the main junction and the blue line shows the slice atthe straight portion of the model.

Figure 91. T-type convergence 2 schematic and boundary conditions

The grid study for T-type convergence 2 can be seen in Figure 94.
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Figure 92. T-type convergence 2 grid study

T-type convergence 2 was also sliced at the straight portion of the convergence,
corresponding to the blue line in Figure 88. This graph showed a parabolic velocity
magnitude profile and can be seen in Appendix B.2.1.
Figure 95 shows a slice at the junction point on the right side of the convergence. At the wall
there is a region of low velocity representative of a stagnation region with an increased
probability of neutrophil adherence.

85

Figure 93. T-type convergence 2 velocity magnitude slice a straight location. There is a low velocity
region at the main junction region.

The wall shear stress was evaluated for each wall in T-type convergence 2 and is shown in
Figure 91. In T-type convergence 2, the opposite wall data show a low wall shear stress
upstream that increases as the junction region is traversed resulting in a high value
downstream.
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Figure 94. T-type convergence 2 wall shear stress on wall opposite the main two junctions. The wall
shear stress increases through the region opposite the main two junctions.

For T-type convergence 2, the wall shear stress opposite the main junction region is twice as
large as the wall shear stress opposite the junction regions in T-type convergence 1. The
difference between the two T-type convergences is that T-type convergence 2 has a larger
mother vessel and a smaller daughter vessel. For T-type convergence 2 the wall shear stress
at the region opposite the two main junctions increases through the junction region. Similar
results are seen in the T-junction with a straight junction region and the T-junctions curved
junction regions with radii of 15 µm, 35 µm and 45µm respectively.
Figure 92 shows the wall shear stress for the left main junction of T-type convergence
2. The wall shear stress is high entering the junction region and then decreases rapidly.
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There is a low wall shear stress exiting the junction. At the junction point there is a high wall
shear stress flux.

Figure 95. T-type convergence 2 wall shear stress top left wall. Wall shear stress increases through
junction region.

Figure 93 shows the wall shear stress top right wall of the main junction of T-type
convergence 2. The larger vessel on the upper wall (in blue) shows low wall shear stress
entering the junction region. The smaller, upper vessel (in green) has a high wall shear stress
entering the junction region.
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Figure 96. T-type convergence 2 wall shear stress at main junction walls. Higher wall shear stress seen in
smaller vessel wall of main junction. Lower wall shear stress seen in larger vessel wall of main junction.

The wall shear stress on the wall opposite the main junction for all T-type convergences is
summarized in Figure 94. An effect of vessel diameter size is seen. It is shown that for the
smaller diameter vessel differences, the wall shear stress is lower.
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Figure 97. All T-type convergences wall shear stress opposite main junction. There is a higher wall shear
stress exiting the wall across from the main junctions. Larger vessel walls have a higher wall shear stress
flux.

The main junction joining region shown by the green and blue lines in Figure 93 is
another area of interest. The wall shear stress for all the T-type convergences on the curved
wall is shown in Figure 95. An effect of vessel diameter size is seen. It is shown that for the
smaller diameter vessel differences, the wall shear stress is lower. For the T-junctions with
the curved junction joining regions, the data in Figure 95 is from the left curved junction
wall.

T-junction
T-type 1
T-type 2
Curved 15µm
Curved 35µm
Curved 45µm

Average Mother
Vessel Diameter
(µm)

Average Daughter
Vessel Diameter
(µm)

Wall shear stress
entering right
junction mother
vessel wall (blue
line Figure 93) (s-1)

36.9
31.1
90
90
90

19.1
20.8
60
60
60

4.00E-06
6.00E-06
3.50E-04
3.30E-04
3.20E-04

Wall shear stress
entering right junction
daughter vessel wall
(green line Figure
93)(s-1)

Wall shear stress
flux middle point
right junction
(entering – exiting)
(s-1)

1.06E-05
2.30E-05
9.50E-04
8.50E-04
8.00E-04

6.60E-06
1.70E-05
6.00E-04
5.20E-04
4.80E-04

Figure 98. All T-type convergences wall shear stress on curved junction wall. There is a higher wall
shear stress on smaller, daughter vessel wall. Larger vessel walls have a higher wall shear stress fluc.

Overall T-type convergences showed that at main junction regions there is a high wall shear
flux that leads to regions of low velocities that may promote neutrophil adhesion. Also, it
was shown that smaller T-type convergences have higher wall shear stress on the wall
opposite the main junction.

3.3.5.5.3 Y-type convergence
Y-type convergence 1 can be described as a symmetric or y-junction. In this type of
convergence, the inlet velocities are the same. The schematic and boundary conditions of the
convergence is shown in Figure 96.
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Figure 99. Y-type convergence 1 schematic and boundary conditions

The grid study for Y-type convergence 1 is shown in Figure 97. In Figure 96, the red line
shows the slice at the main junction and the blue line shows the slice at the straight portion of
the model.
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Figure 100. Y-type convergence 1 grid study

Y-type convergence 1 was also sliced at the straight portion of the convergence,
corresponding to the blue line in Figure 96. This graph showed a parabolic velocity
magnitude profile and can be seen in Appendix B.2.2. Y-type convergence 1 was also sliced
at the region where the two inlet branches come together. Figure 98 shows the velocity
magnitude for this slice. There is a lower velocity region at the junction region.
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Figure 101. Y-type convergence 1 velocity magnitude slice a straight location. There is a lower velocity
region at the junction point.

Another region suggested to have a higher adhesion frequency in past studies is the
wall opposite the junction region [Lamkin-Kennard et al. 2005]. The wall shear stress on the
top wall can be seen in Figure 99. There is a lower wall shear entering the region across
from the junction. There is also a slight increase in wall shear stress past the junction point
and exiting the region. At the junction point there is a negative wall shear stress flux.
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Figure 102. Y-type convergence 1 wall shear stress top wall. Increase of wall shear stress after junction
region.

The wall shear stress on the bottom wall can be seen in Figure 100. The wall shear stress on
this wall does not change significantly through the junction joining region.
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Figure 103. Y-type convergence 1 wall shear stress bottom wall. Increase in wall shear stress through
junction region.

Figure 101 shows the wall shear stress at the main junction of Y-type convergence 1. Both
vessel walls have similar value of wall shear stress entering the junction region.
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Figure 104. Y-type convergence 1 wall shear stress junction walls. Similar wall shear stress seen in both
walls.

Y-type convergence 2 geometrically is a y-junction with two differing sized daughter
vessels. The schematic of the convergence and the boundary conditions can be seen in
Figure 102.
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Figure 105. Y-type convergence 2 schematic and boundary conditions

Results from the grid study for Y-type convergence 2 are shown in Figure 103.
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Figure 106. Y-type convergence 2 grid study

In Figure 102 the red line shows the slice at the main junction and the blue line shows the
slice at the straight portion of the model. The first slice was done in the straight portion of
convergence and the results can be seen in Appendix B.2.2. The graph shows that the
velocity magnitude is parabolic in the straight portion of the convergence. The second slice
was done at the junction region and the results are seen in Figure 104.
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Figure 107. Y-type convergence 2 velocity magnitude slice at junction location. Note the lower velocity
region near junction.

The wall shear stress in the main junction region of Y-type convergence 2 can be seen in
Figure 110. Both walls have a low wall shear stress entering the junction region.
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Figure 108. Y-type convergence 2 wall shear stress junction walls. Higher wall shear stress seen on
bottom wall.

The wall shear stress on the wall between the larger inlet vessel and mother vessel can be
seen in Figure 106. There is a lower wall shear stress entering the junction. At the junction
point there is rapid increase in shear stress and after the junction the wall shear stress
decreases. The wall shear stress flux is high at the junction point.
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Figure 109. Y-type convergence 2 wall shear stress top wall. Increase of wall shear stress through
junction region. Decrease of wall shear stress after junction region.

The wall shear stress through the lower junctional region wall can be seen in Figure 107.
There is a high wall shear stress entering the junction then the wall shear stress decreases
throughout the junction region.
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Figure 110 Y-type convergence 2 wall shear stress bottom wall. Decrease in wall shear stress after
junction.

Y-type convergence 3 geometrically is a y-junction that has similar sized daughter
vessels joining into a slightly larger mother vessel. The boundary conditions for the daughter
vessels are the same used for Y-type convergence 2. The schematic and the boundary
conditions can be seen in Figure 108.
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Figure 111. Y-type convergence 3 schematic and boundary conditions

Results from the grid study for Y-type convergence 3 is shown in Figure 109. In Figure 108
the red line shows the slice at the main junction and the blue line shows the slice at the
straight portion of the model.
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Figure 112. Y-type convergence 3 grid study

Figure 110 shows the velocity magnitude at the main junction. The data shows that there is a
lower velocity region between the vessels which may allow a higher number of neutrophils to
adhere to the wall.
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Figure 113. Y-type convergence 3 velocity magnitude slice a straight location

Figure 111 shows the wall shear stress on the main junction walls. Both vessel walls have
lower shear stresses coming into the junction that reach maximum values at the junction
point. At the junction joining point there is a high wall shear stress flux.
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Figure 114. Y-type convergence 3 wall shear stress main junction. Similar value of wall shear stress seen
in top and bottom wall.

The wall shear stress on the wall across from the main junction region can be seen in Figure
112. There is a low wall shear stress entering the junction region. The shear continues to
increases throughout the junction region.
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Figure 115. Y-type convergence 3 wall shear stress lower wall. Increase of wall shear stress after junction
point.

The wall shear stress on the other wall across from the main junction region can be seen in
Figure 113. There is a low wall shear stress throughout the junction region. The wall shear
stress increases downstream of the junction region.
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Figure 116. Y-type convergence 3 wall shear stress upper wall. Increase of wall shear stress after junction
point.

Y-type convergence 4 geometrically is a t-junction with two very small similar
daughter vessels that join together as a slightly larger mother vessels as seen in Figure 114.
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Figure 117. Y-type convergence 4 schematic and boundary conditions

Results from the grid study for Y-type convergence 4 are shown in Figure 115. In Figure
114 the red line shows the slice at the main junction and the blue line shows the slice at the
straight portion of the model.
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Figure 118. Y-type convergence 4 grid study

Y-type convergence 4 was sliced at one of the straight portions and the velocity magnitude at
that slice is seen in Figure 116. Based on the graph it looks as though the slice was not
directly tangent to the junction region due to the negative velocity.
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Figure 119. Y-type convergence 4 velocity magnitude slice a straight location

Figure 117 shows the shear stress on the main junction. The shear stress on the top wall is
slowly decreasing coming into the junction region, but rapidly increases at the center junction
point. The bottom wall is slowly increasing coming into the junction region but rapidly
decreases at the center junction point. At the junction there is a high wall shear stress flux.
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Figure 120. Y-type convergence 4 wall shear stress at main junction. Higher wall shear stress seen in
upper wall.

The wall shear stress on the wall opposite the junction region can be seen in Figure
118. There is a low wall shear stress entering the region across from the junction. The wall
shear stress increases throughout the entire region across from the junction.
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Figure 121. Y-type convergence 4 wall shear stress lower wall. Increase of wall shear stress
through the junction region. Decrease of wall shear stress after junction region.
The second junction region, seen in Figure 119 has a high shear stress that is slowly
decreasing entering the junction region. At the main point of the junction region the wall
shear stress increases rapidly.
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Figure 122. Y-type convergence 4 wall shear stress upper wall. Increase of wall shear stress after junction
point.

A summary of the wall shear stresses obtained for the main junction region for all the
Y-type convergences is shown in Figure 120.

Y-junction

Upper Inlet
Vessel
Diameter
(µm)

Lower Inlet
Vessel
Diameter
(µm)

Collecting
Vessel
Diameter
(µm)

Wall shear stress
entering main junction
upper inlet wall (s-1)

Wall shear stress
entering main junction
lower inlet wall (s-1)

Wall shear stress flux
at middle point
across main
junctions (s-1)

Wall shear stress
max at junction
point between
two inlet
vessels(s-1)

Y-junction

25.0

15.0

27.0

3.20E-03

1.80E-03

1.40E-03

3.20E-03

Y-type 1

30

35.9

39.1

1.90E-05

1.40E-05

5.00E-06

2.40E-05

Y-type 2

56.1

41.3

57.7

5.00E-04

1.50E-03

1.00E-03

8.00E-04

Y-type 3

34.1

32.7

48.7

1.00E-05

1.40E-05

4.00E-06

2.00E-05

Y-type 4

19.2

22.3

27.6

2.50E-05

3.00E-05

5.00E-06

3.00E-05

Figure 123. All Y-type convergences wall shear stress main junction
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The wall shear stress for the top junction region for all the Y-type convergences is
shown in Figure 121. The data obtained could not be correlated with any of the vessel
diameter parameters or differences. Since these models where of geometries obtained in
nature, systematic variation of the diameters and fluid flow results could not be obtained for
any of the wall shear stress data for all junctions studied.
Lower Inlet
Vessel
Diameter (µm)

Collecting
Vessel
Diameter (µm)

Wall shear stress
entering top
junction upper inlet
wall (s-1)

Wall shear stress
entering top
junction collecting
wall (s-1)

Wall shear stress
flux middle point
across main
junctions (s-1)

Wall shear
stress max at
junction point
(s-1)

Y-junction

Upper Inlet
Vessel
Diameter (µm)

Y-junction

25.0

15.0

27.0

1.80E-03

1.50E-03

3.00E-04

5.30E-03

Y-type 1

30

35.9

39.1

2.00E-05

1.80E-05

2.00E-06

2.20E-05

Y-type 2

56.1

41.3

57.7

3.40E-04

4.80E-04

1.40E-04

6.50E-04

Y-type 3

34.1

32.7

48.7

1.10E-05

1.83E-05

7.30E-06

1.78E-05

Y-type 4

19.2

22.3

27.6

2.50E-05

3.52E-05

1.02E-05

3.54E-05

Figure 124. All Y-type convergences wall shear stress top junction

The wall shear stress for the bottom junction region for all the Y-type convergences is
shown in Figure 122.
Lower Inlet
Vessel
Diameter (µm)

Collecting
Vessel
Diameter (µm)

Wall shear stress
entering bottom
junction lower inlet
wall (s-1)

Wall shear stress
entering bottom
junction collecting
wall (s-1)

Wall shear stress
flux middle point
across main
junctions (s-1)

Wall shear
stress max at
junction point
(s-1)

Y-junction

Upper Inlet
Vessel
Diameter (µm)

Y-junction

25.0

15.0

27.0

9.00E-04

1.60E-03

7.00E-04

3.70E-03

Y-type 1

30

35.9

39.1

1.30E-05

1.85E-05

5.50E-06

1.60E-05

Y-type 2

56.1

41.3

57.7

1.10E-03

4.00E-04

7.00E-04

8.00E-04

Y-type 3

34.1

32.7

48.7

1.52E-05

1.86E-05

3.40E-06

1.70E-05

Y-type 4

19.2

22.3

27.6

2.10E-05

3.65E-05

1.55E-05

3.00E-05

Figure 125. All Y-type convergences wall shear stress bottom junction

Overall the Y-type convergences showed similar results of high wall shear stress flux
at junction regions. Other correlations could not be deduced based on the data.

3.3.5.5.4 Complex convergence
Complex convergence 1 is unique as it has three inlets and two junctions in close
proximity. Figure 123 below shows the complex convergence 1 with it boundary conditions
and flow direction.
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Figure 126. Complex convergence 1 schematic and boundary conditions

The grid study for complex convergence 1 is shown in Figure 124. In Figure 130 the red line
shows the slice at the main junction and the blue line shows the slice at the straight portion of
the model.
Case

Edge Mesh
(Interval Size)

Face Mesh

Interval Size

At junction (red line) velocity
magnitude % difference

Midway through straight (blue line)
velocity magnitude % difference

1

5

Quad Pave

5

714.67

27.56

2

1

Quad Pave

1

47.64

1.28

3

0.8

Quad Pave

0.8

30.69

0.433

4

0.5

Quad Pave

0.5

9.83

0.03

5

0.3

Quad Pave

0.3

-

-

Figure 127. Complex convergence 1 grid study

Complex convergence 1 was sliced at the straight portion of the convergence and the results
can be seen in Appendix B.2.3. Complex convergence 1 was sliced at the first junction. .
Figure 125 shows the velocity magnitude from the slice at the junction. There is also a lower
velocity region which may allow a higher number of neutrophils to adhere to the wall.
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Figure 128. Complex convergence 1 velocity magnitude slice a straight location

Complex convergence 1 was also sliced at the straight portion of the convergence
corresponding to the blue line in Figure 130. The results from this slice show a parabolic
velocity magnitude and the graph can be seen in Appendix B.2.3. Figure 126 shows the
velocity magnitude from a slice parallel to the lowest inlet. There is a low velocity region on
the left side of the junction.

113

Figure 129. Complex convergence 1 slice parallel to 3rd inlet. Note: Lower velocity region on left side of
junction. There is a high velocity at the right side of the junction.

Figure 127 shows the wall shear stress in the first main junction (left most) of complex
convergence 1. Both vessel walls have low shear stress coming into the junction.
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Figure 130. Complex convergence 1 wall shear stress left junction walls. Low shear stress entering
junction. At junction point the wall shear stress rapidly increases.

The top wall shear stress is shown in Figure 128. The CFD analysis of this wall shows that
there is a low shear stress entering the junction region but at the junction point the wall shear
stress rapidly increases.
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Figure 131. Complex convergence 1 wall shear stress top wall. There is an increase of wall shear stress at
the first junction. There is a an additional increase of wall shear stress across the second junction.

Another region that could be of interest is the wall between two junctions. The effect of
multiple junctions within close proximity has not been studied, but is important for the study
of vessel networks. Figure 129 shows the wall shear stress on the wall between junction
regions. There is a high wall shear stress through most of the wall. The wall shear stress
decreases at the junction point. Near the junction point there is a high wall shear stress flux.
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Figure 132. Complex convergence 1 wall shear stress before junction 2 wall. There is an increase of wall
shear stress near the junction.

Figure 130 shows the wall shear stress for the right most junction in complex convergence 1.
There is a low wall shear stress coming into the junction and at the junction point it increases.
After the junction point the wall shear stress increases. At the junction point there is a high
wall shear stress and a high wall shear stress flux.
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Figure 133. Complex convergence 1 wall shear stress right most junction wall. There is a decrease of wall
shear stress after the junction region.

The wall shear stress for region across from the final junction can be seen in Figure 131. At
the region directly across from the junction there is a low wall shear stress. On either side of
the region directly across from the junction there is a higher wall shear stress. The point
directly across from the junction has a low shear stress with a high wall shear stress flux.
CFD analysis of complex convergence 1 showed that the important regions within the
convergence are the junction points and areas across from the junction points. The data
shows that at junction regions there is a region of low shear stress and high shear stress
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which creates a high wall shear stress flux in the center of the junction. The region directly
across from the junction was shown to also have a high wall shear stress flux.
The complex convergence has shown that the junction regions and regions across
from the junctions have significant wall shear stress and wall shear stress flux data. The low
wall shear stress and high wall shear stress flux could be possible variables that are
increasing neutrophil adhesion at the junctions and regions across from the junctions.

3.4 Methodologies for creating experimental apparatus to study
flow
This current study developed a process to isolate and analyze the effect of surface
roughness, representative of endothelial cells in blood vessels, on fluid flow. A recent study
determined the geometry of venular endothelial cells, defining them based on a major and
minor axis, similar to an ellipse [Sumagin et al, 2008]. Kim et al. (2003) defined flow
conditions within venular convergence. These geometric and flow specifications were used
to create the insert for the small flow chamber and large scale parallel plate flow chamber.
The main goal was for the chambers to be geometrically representative of the surface
roughness in blood vessels so that hydrodynamic effects of the roughness could be analyzed.
To validate experimental results, CFD models similar to the normal and large parallel flow
chambers were created.

3.4.1 Techniques
3.4.1.1 Normal Scale
A process was developed so that a rough surface representative of the endothelial

cells in blood vessels could be created on a silicon wafer. The normal scale size is defined as
the geometric size of what is seen in actual blood vessels. The goal is create the rough
surface representative of the endothelial cells on the same geometrical scale on a silicon
wafer.
The process developed to create the silicon wafer is a novel approach that was
developed to mimic the roughness of a blood vessel. A unique aspect of the
photolithography technique is that it allowed for control over the roughness height and
spacing of the peaks. To create the surfaces, a silicon wafer is first spin coated with a resist.
A mask is then created so that ink on the transparency correlates with the resist that will not
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be taken away. The mask is placed on top of the wafer while it is being exposed to light.
The wafer is then developed to wash away the exposed surface. This process is described in
more detail in Appendix C.
Three variables control the height of the resist; the speed at which the resist is spun
onto the wafer, the expose time, and develop time. Several wafers were made varying the
speed of the resist, expose time and develop time. Initial results showed that a spinning
speed of 2000 rpm yielded the highest resist heights.
The height of the resist was measured using a profilometer. Specific instructions for
measuring using the profilometer are found in Appendix C. The instructions on how to
create the rough surface on the silicon wafer and measuring the resist height was included so
future work could easily repeat the process. The desired height for the roughness was 11.55
µm which was specified based on the Sumagin study (2008). A new set of wafers were
created varying only the expose and develop time. The results for these new wafers can be
seen in Figure 132. As seen in Figure 132, the expose time range that yielded the best results
was 95 to 115 seconds. The develop time that yielded the best results was 175 to 185
seconds. The best wafer yielded a height of 9.5 microns with an expose time of 100 seconds
and a develop time of 180 seconds.
Height based on Expose/Develop Time - 2000 RPM
Develop

10

Expose

9
Height (micrometers)

8
7
6
5
4
3
2
1
0
75

95

115

135

155

175

195

Expose/Develop Time (seconds)

Figure 134. Height of resist based on expose/develop time
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Another set of wafers were created varying only the expose time. The develop time
was set at 180 seconds. The best wafer yielded a height of 10.5 microns with an expose time
of 100 seconds and a develop time of 180 seconds. Since the desired height of 11.55 µm was
not yet achieved there is still improvement that needs to be made.
A copy of the rough surface should now be created so that it can be used for flow
visualize. The silicon wafer with the best results was molded using PDMS. The first part of
the process is creating an aluminum foil boat around the silicon wafer . Next, PDMS, a
prepolymer, is mixed with a curing agent at a 10:1 ratio. The mixture is then poured in the
aluminum foil boat. Usually 48 hours is needed for the mixture to fully solidify. The
process of creating a replicate surface is described in more detail in the Section 2.8.
Overall, a process was developed so that a rough surface representative of the
endothelial cells in blood vessels could be created on a silicon wafer. However,
improvements need to be made to the process so that the desired height can be achieved and
experimental studies can be done to compare to the computational studies.
3.4.1.2 Large Scale
The goal of the large scale investigation was to mimic traditional experimentation via

parallel plate flow chamber. The main differences from past studies were the addition of a
rough wall and use of a larger scale version. In engineering it can sometimes be impossible
to test a device or process at its normal size. Microvasculature experiments can be difficult
due the small size and microfabrication techniques for creation of a rough surface
representative of endothelial cells in blood vessels are still being developed, thus a large
scale version was created. Similitude is a way to create models that are geometrically and
kinematically scaled properly. The initial step was to geometrically determine the scale
between the normal size application and the experimental model. A large scale model
representing the roughness of a blood vessel wall was created so that it could be compared to
the normal scale experiment. To scale from the rough surface that was created on the silicon
wafer, the hydraulic diameter of the rough surface and the large scale flow are the critical
parameters. The factor used for scaling was based on the diameter of the neutrophil
comparing to the diameter of beads that would represent neutrophils. The ratio of the
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diameter of the bead to the diameter of the neutrophil was used for scaling. The calculating
of the ratio can be seen below.
Dbead
1*10 −3
=
= 125
Dneutrophil 8 *10 −6

Geometrically, the large scale model is 125 times larger so every height, length and
width is scaled accordingly. Kinematically, the velocity range was scaled to be 125 larger
than wafer application. Flow similitude was satisfied by maintaining the proper Reynolds
number. In blood flow, the Reynolds number is less than or equal to 1. Data from Sumagin
et al. (2008) was used to recreate the roughness that is found in a blood vessel via the major
and minor axis of the endothelial cells. The average major and minor axis for the venule was
used to define a basic sinusoidal. This allowed for an initial uniform roughness to be
modeled. It was determined that a basic model should be used initially to simplify
manufacturing for the large scale flow chamber. The Mechanical Engineering and
Technology Lab rapid prototyped the sine plate seen in Figure 133. Note the sinusoidal
curve on the top surface.

Figure 135. Sine plate side view

For the large scale flow chamber, an initial prototype was developed. The initial flow
chamber can be seen in Figure 134. The black outer material is rubber. Several layers of ¾
inch rubber was used so that the proper spacing was maintained. Clear plastic was used for
the top and bottom of the flow chamber. Holes were drilled through the layers of rubber and
the plastic top and bottom so that screws could be used to assemble the flow chamber. Holes
for the inlet, outlet and vacuum were drilled and then tapped so that fittings could be easily
attached. Tubes were inserted into the fittings and at the end of each large syringes were
attached. Each syringe can hold 140 ml of liquid. A limitation of this prototype was that the
surface roughness was not scaled properly. However, the spacing between the rough surface
and the top of the flow chamber was scaled correctly. The spacing from the rough surface to
the top of the normal size flow chamber was scaled 125 times larger to set the correct height.
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Figure 136. Top view large scale chamber prototype

The initial prototype used water as the fluid and very small sponge material so that
the flow could be visualized. This initial prototype was used to determine possible
improvements for future flow chambers and develop visualization techniques. This initial
prototype was successful in that it did not leak, flow from the inlet to the outlet was possible,
and the vacuum syringe worked properly. However, several improvements needed to be
made. One improvement was a more viscous fluid so that the beads, representative of the
neutrophils could suspend properly. Another important improvement that was required was
capability to visualize from the side. The visualization from the side would allow the
pathlines over the sinusoidal plate to be recorded. This would allow for easy comparison to
the CFD results.
A second large scale flow chamber developed improved the visualization capabilities
for future work. In the second generation flow chamber, the flow can be visualized from
both the top and side views. The visualization from the side would allow the pathlines over
the sinusoidal plate to be recorded. This would allow for easy comparison to the CFD
results. Using a syringe pump, fluid can also be pulled or pushed through the flow chamber.
Both sides are no connected with two tubes so two syringes can be used in the flow process.
This enables greater velocities through the flow chamber to be obtained. Figure 135 shows
the second flow chamber.
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Figure 137. Large scale flow chamber # 2 side view

The fluid used in the new flow chamber was a silicone fluid, Dow Corning 200 1000
centistoke. It has a specific gravity similar to water but was chosen due to its high viscosity.
This fluid was chosen to aid in the suspension of the beads in the flow. Zuriocona beads of 1
mm diameter were used. However, attempts to visualize the flow had several limitationss.
Leakage of the fluid out of several areas of the flow chamber occurred. The flow chamber
was caulked several times at leakage areas, but this did not improve the problem. Another
improvement required is the use of the camera to record the flow. The correct focal length
needed to be determined so that accurate visualization could be produced. The scope of the
needed improvements was determined to be beyond the scope of the current thesis and thus
tabled for a future investigator.

3.4.2 Scaling Equations for Experimental Setup
The Continuity equation and the Navier-Stokes equations were used to derive the equations
for the overall solution to the large scale model. Several assumptions were made so that a
base solution can be found. The continuity equation in Cartesian coordinates is shown in
equation 26. The Navier-Stokes equations in cylindrical coordinates for x, y and z are seen
in equations 27, 28 and 29 respectively.
Cartesian Coordinates
Continuity Equation:
∂u x ∂u y ∂u z
+
+
= 0 (26)
∂x
∂y
∂z
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Navier-Stokes Equations:
X-Component:
 ∂ 2u
∂ 2u x ∂ 2u x
 ∂u
∂u
∂u
∂u 
∂P
ρ  x + u x x + u y x + u z x  = −
+ µ  2x +
+
∂x
∂x
∂y
∂z 
∂y 2
∂z 2
 ∂t
 ∂x


 + ρg x (27)


Y-Component:
 ∂ 2u y ∂ 2u y ∂ 2u y 
∂u y
∂u y
∂u y 
 ∂u y
∂P
 + ρg y (28)
 = −
ρ 
+ ux
+ uy
+ uz
+ µ 2 +
+
2
2 
 ∂x
∂
t
∂
x
∂
y
∂
z
∂
y
∂
y
∂
z




Z-Component:
 ∂ 2u
∂ 2u
∂ 2u 
 ∂u
∂u
∂u
∂u 
∂P
ρ  z + u x z + u y z + u z z  = − + µ  2z + 2z + 2z  + ρg z (29)
∂y
∂x
∂y
∂z 
∂y
∂z 
 ∂t
 ∂x

3.4.3 Assumptions
The assumptions for the large scale flow chamber are:
• Flow incompressible
• Flow is steady
• Body forces can be neglected→ ρgr = ρgө= ρgz = 0
• Geometry is two-dimensional

3.4.4 Applying Assumptions
Equation 20 shows when the flow chamber is assumed two dimensional last term drops out.

∂ u x ∂u y ∂u z
+
+
=0
∂x
∂y
∂z
(30)
The flow is assumed steady so the first term drops out. The fourth term drops out since the
model is assumed 2D so there is no u z term. The eighth term drops out since the model is
assumed to be 2D so there are no z-terms. The final term drops out since there is no gravity
effect in the x-direction. Equation 31 shows all the terms that drop out due to the above
mentioned assumptions.

 ∂ 2u
 ∂u x
∂u
∂u
∂u 
∂P
∂ 2 u x ∂ 2u x 
 + ρg x
+ u x x + u y x + u z x  = −
+ µ  2x +
+
∂x
∂y
∂z 
∂x
∂y 2
∂z 2 
 ∂t
 ∂x
(31)
The flow is assumed steady so the first term drops out. The fourth term drops out since the

ρ 

model is assumed 2D so there is no u z term. The eighth term drops out since the model is
assumed to be 2D so there are no z-terms. The final term drops out since there is no gravity
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effect in the y-direction. Equation 32 shows all the terms that drop out due to the above
mentioned assumptions.

 ∂ 2u y ∂ 2u y ∂ 2u y 
∂u y
∂u y
∂u y 
 ∂u y
∂P
 = −
+ µ  2 + 2 + 2  + ρg y
+ ux
+ uy
+ uz
∂y
∂y
∂z 
∂x
∂y
∂z 
 ∂t
 ∂x
(32)
The flow is assumed steady so the first term drops out. . The final term drops out since there

ρ 

is no gravity effect in the x-direction. All the other terms drop out since the model is
assumed 2D so there are no z terms.

3.4.5 Final Equations
The final equations for the experimentation portion of this thesis are shown in Equations 33,
34, 35
 ∂ 2u ∂ 2u 
 ∂u
∂u 
∂P
. ρ  u x x + u y x  = −
+ µ  2x + 2x  (33)
∂y 
∂x
∂y 
 ∂x
 ∂x
 ∂ 2u y ∂ 2u y 
∂u y 
 ∂u y
∂P




+ uy
ρ ux
 = − ∂y + µ  ∂x 2 + ∂y 2  (34)
∂
∂
x
y




∂P
= 0 (35)
∂z

3.4.6 Results
The main results that were obtained from the experimental portion of this thesis are
that the processes for creating a microscale rough surface and large scale flow chamber were
developed. The main accomplishment of the large scale flow chamber was the creation of
two prototypes that showed promise for future work with suggested improvements that can
be made.
To improve the applicability of the fluid flow results, proper scaling must be achieved
on any future flow chambers. To determine the scale the hydraulic diameters for the parallel
flow chambers were used. The hydraulic diameter was based on the wetted perimeter of the
flow chamber. Since there was a roughness within the flow chambers that can be varied, an
effective height will need to be calculated. The hydraulic diameter was based on the wetted
perimeter. The calculation of the hydraulic diameter for the large scale flow chamber is seen
below. Since there was a change in the height due to the sinusoidal there are actually two
hydraulic diameters. Equation 36 was used to calculate the hydraulic diameter.

126

Dhydraulic ,1 =

2 LW
(36)
L +W

2(58.75 * 10 −3 m) * (33.5 *10 −3 m)
58.75 *10 −3 m + 33.5 * 10 −3 m
= 4.267 * 10 − 2 m

Dhydraulic ,1 =
Dhydraulic ,1

2 LW
L +W
2(58.75 *10 −3 m) * (32.9 *10 −3 m)
=
58.75 * 10 −3 m + 32.9 * 10 −3 m
= 4.191 *10 − 2 m

Dhydraulic , 2 =
Dhydraulic , 2
Dhydraulic , 2

The two hydraulic diameters are then averaged to have an overall diameter for the large scale
flow chamber. Equation 37 shows how to calculate the average hydraulic diameter.
Dl arg escale =

Dhydraulic ,1 + Dhydraulic , 2
2

(37)

Dl arg escale = 4.229 *10 −2 m

To calculate the appropriate scale needed, the ratio of the large scale diameter to the normal
scale diameter is calculated.
Dl arg escale
Dnormalscale

=

4.229 * 10 −2
= 84
5.062 *10 −4

Figure 136 shows how to calculate the necessary velocity for the large scale flow chamber.
If water is also used in the large scale flow chamber, the only change is to the diameter which
is approximately 84 times larger.
Application (normal)

Scale (large)

Diameter

1

84

Velocity

369.6*10-6

Calculate

Density

1000

1000

1*10-3

1*10-3

Viscosity

Figure 138. Similitude table for proper scaling.

Equation 38 shows calculation for the necessary velocity is seen below.
 ρ application  Dapplication  µ application 
 (38)


Vmod el = Vapplication 
 ρ mod el  Dmod el  µ mod el 
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Vmod el = 369.6 *10 −6

kg

 1000 3
m
m
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0
.
001
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kg









m
s
In summary, a method for proper scaling from the normal size to a large scale flow
Vmod el = 4.4 * 10 − 6

chamber was developed. Rapid prototyping can be used for future sinusoidal plates to be
manufactured.

3.4.7 Improvements
There were several limitations in the fabrication of the normal scale flow chamber.
The main limitation was that the microfabricated surface is clear and it needs to be altered so
that it can be properly visualized. A process to visualize the roughness of the PDMS will
need to be developed. Another limitation was that the desired height of 11.55 µm was not
achieved. Several batches of wafers should be created so that a master wafer with the desired
height is made. Also, it would be advantageous to use the interferometer to create a 3D
representation of the rough surface created in the SMFL lab. This surface then can be
imported in Solidworks were a model can be created. This would allow for the experimental
results to be compared to the CFD results.
Several limitations did not allow for experimental results from the large scale flow
chamber to be obtained. The main problem was the error in the initial calculation for scaling.
The similitude error has been corrected and reported so that future work can use the results.
The two large scale flow chambers will need to be manufactured more carefully so that
leaking is minimized. Another improvement required is the use of suspended beads in the
fluid. Finally, an ability to capture the top view and side view could be very beneficial.
Imaging software could be used to trace particles so that pathlines of particles could be
produced. This would allow comparisons between a numerical solution and an experimental
solution.
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4 ANALYSIS
4.1 Introduction
In engineering it is important to solve problems using several different methods. Comparing
the numerical results to experimental results may provide possible linking between geometric
factors and significant fluid mechanical properties.

4.2 Comparison of CFD and Experimental Results
This current work did not yield any experimental results for complex convergences so
previous work from the Lamkin-Kennard et al. (2005) study was used. CFD models that
were geometrically similar to the seven convergences experimentally analyzed in that study
will be compared to the experimental results from Lamkin-Kennard et al. (2005).

4.2.1 T-type junctions
Figure 137 is a schematic of the first convergence to which empirical neutrophil adhesion
levels will be compared to wall shear data calculated from the CFD modeling.

Figure 139. Schematic of Figure 1 [from Lamkin-Kennard et al. 2005]

The schematic of the first complex convergence defines regions in which the number of
adherent neutrophils were evaluated experimentally. Figure 138 shows the number of cells
that were experimentally observed adhering to each region. The data support that neutrophil
adhesion occurs at the highest percentage at the junction points.
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Figure 140. Figure 1: number of cells at each region [from Lamkin-Kennard et al. 2005]

Based on the data from Figure 140, Region 7 had the highest number of cells adhere at any
point in time [Lamkin-Kennard et al. 2005]. Figure 139 correlates with this current study’s
T-type convergence 1. Figure 87 shows the wall shear stress on the wall correlating to
Region 7 for this convergence. The data show that there is a high wall shear stress before the
junction, and there is a rapid decrease after the junction point. It is also apparent that there is
a negative high wall shear stress flux at the junction region. The rapid increase in shear stress
could initiate the rolling process for a neutrophil located at the surface of the wall. Future
studies should thus focus on evaluating the numbers of cells at particular locations in Region
7. This would allow for comparison of wall shear stress at specific locations in Region 7 to
be made.
Another region that has been shown in past studies to have a higher adhesion rate is
the wall opposite the junction region. Region 5 had the highest number of adherent cells for
an upstream region [Lamkin-Kennard et al. 2005]. Figure 86 shows the wall shear stress on
the wall correlating to Region 5 for T-type convergence 1. The wall shear stress is low
entering the region across from the junction. At the point in the wall directly across from the
two main junctions, the wall shear stress increases. This is similar to the results for Tjunctions with straight and curved junction regions shown in Figure 68.
The high number of cells found experimentally in this region coupled with the
predicted increase in shear stress suggests that shear stress may be an important factor
contributing to the higher number of cells.
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The main junction of T-type convergence 1 is represented by Region 6 [LamkinKennard et al. 2005]. Region 6 has the second highest number of cells adhere [LamkinKennard et al. 2005]. Figure 85 shows that the larger vessel wall, in green, has a lower wall
shear stress. The smaller wall, in blue, has a higher shear stress. At the junction point there
is a high wall shear stress flux. At this main junction there is high wall shear stress flux
which may be a factor in the high number of cells that adhered. The number of cells/length
and the wall shear stress at each region is shown in Figure 134.
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Figure 141. T-type convergence 1 wall shear stress at each region.

A graph of the cells/length as a function of the wall shear stress was created. The data shows
that for the T-type convergence 1 that there may be an optimal wall shear stress.
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Figure 142. T-type convergence 1 wall shear stress at each region. Excluding the 2 pinks points it shows
that for this convergence there may be an optimal wall shear stress.
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Figure 2 from Lamkin-Kennard et al. (2005) has a very small daughter vessel that
joins into a large mother vessel. It is similar to a t-junction that has a curved junction. The
left wall of the junction has a 17 µm radius of curvature and the right wall of the junction has
a 7 µm radius of curvature. Figure 139 shows the schematic of the convergence.

Figure 143. Schematic of Figure 2 [from Lamkin-Kennard et al. 2005]

Figure 142 shows the number of cells that adhered in each region that correlated to the
schematic above.

Figure 144. Number of cells at region, Figure 2 [from Lamkin-Kennard et al. 2005]

Based on data from Figure 142, Region 8 had the highest number of cells adhere
[Lamkin-Kennard et al. 2005]. Figure 2 from Lamkin-Kennard et al (2005) correlates with
this current study’s T-type convergence 2. Figure 93 shows the wall shear stress on the walls
correlating to Region 8. The wall shear stress on the larger, mother vessel wall entering the
junction is lower than the wall shear stress on the smaller, daughter vessel wall. (Is there a

132

shear stress flux?) The T-type convergence 2 had the second highest number of cells adhere
in Region 9 [Lamkin-Kennard et al. 2005]. Figure 92 shows the analysis of the wall and that
there is high shear stress entering region 9 and then a decrease in wall shear stress. There is a
negative wall shear stress flux. Region 7, directly opposite from the convergence, had an
average number of cells adhere [Lamkin-Kennard et al. 2005]. Figure 91 shows the wall
shear stress on the wall correlating to Region 7. The wall shear is low and then increases
through the wall. There is a positive wall shear stress flux. The wall shear stress for each
region is shown in Figure 145.
-1

Cells/Length (µm )
Maximum Wall shear stress (N/m2)
Region [Lamkin-Kennard et al., 2005]
1
0.037
8.00E-04
2
0.055
8.00E-04
3
0.036
6.50E-04
4
0.040
6.20E-04
5
0.055
3.50E-03
7
0.049
1.00E-03
8
0.071
3.00E-03
9
0.055
3.50E-03
10
0.044
1.00E-03
11
0.047
1.00E-03
12
0.029
1.00E-03
Figure 145, T-type convergence 2 wall shear stress at each region.

A graph of the cells/length as a function of the wall shear stress was created. The data shows
that for the T-type convergence 2 that there may be an optimal wall shear stress.
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Figure 146. T-type convergence 1 wall shear stress at each region. The data for this convergence shows
that there may be an optimal wall shear stress.

Figure 147 shows the combine data for T-type convergence 1 and 2.
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Figure 147. Both T-type convergences, cells/length as a function of wall shear stress. Excluding the 3
pinks points, there appears to be an optimal wall shear stress.

Overall, the results from the T-type junctions based on the comparison of the wall shear
stress and the number of the cells that adhere showed that there isn’t a clear relationship
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4.2.2 Y-type junctions
Y-type convergence 1, Figure 4 [Lamkin-Kennard et al. 2005] geometrically is a yjunction with two similar sized daughter vessels. The schematic of the convergence can be
seen in Figure 145.

Figure 148. Schematic of Figure 4 [from Lamkin-Kennard et al. 2005]

The numbers of cells in each region can be seen in Figure 146 [Lamkin-Kennard et al. 2005].

Figure 149. Cells/Length at region various, Figure 4 [from Lamkin-Kennard et al. 2005]

The highest number of cells adhered in region 9 [Lamkin-Kennard et al. 2005].
Lamkin-Kennard’s Figure 4 correlates with this current study’s Y-type convergence 1.
Figure 99 shows the wall shear stress for Region 9. It shows that the wall shear stress does
not vary much so no definitive conclusion can be made between wall shear stress and number
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of adherent cells. Region 7 also had a high number of adhered cells [Lamkin-Kennard et al.
2005]. Figure 100 shows that the wall shear stress does not vary that much across the wall.
Region number 8 in Y-type convergence 1 also had a high number of cells [Lamkin-Kennard
et al. 2005]. Figure 101 shows that both vessel walls have lower wall shear stress coming
into the junction and then increase at the junction point. Comparisons between experimental
and computational results for this vessel configuration do not suggest a correlation between
shear stress and number of adherent cells. However, the high number of cells in Region 8
could be explained by the low velocities found at the junction point in this region as seen in
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Figure 150. Y-type convergence 1 cells/length and wall shear stress at each region.

A graph of the cells/length as a function of the wall shear stress was created. The data shows
that for the Y-type convergence 1 that there may be an optimal wall shear stress.
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Figure 151. Y-type convergence 1 wall shear stress at each region. The data for this convergence does not
show a clear relationship between cells/length and wall shear stress.
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Y-type convergence 2, Figure 5 [Lamkin-Kennard et al. 2005] geometrically is a Yjunction with two differing sized daughter vessels. The schematic of the convergence can be
seen in Figure 152.

Figure 152. Schematic of Figure 5 [from Lamkin-Kennard et al. 2005]

The number of cells at each region is shown in Figure 148 [Lamkin-Kennard et al. 2005].

Figure 153. Number of cells at region, Figure 5 [from Lamkin-Kennard et al. 2005]

Region 5 has the highest number of adherent cells [Lamkin-Kennard et al. 2005].
Lamkin-Kennard’s Figure 5 correlates with this current study’s Y-type convergence 2.
Figure 105 shows that the upper, larger vessel wall has a lower wall shear stress entering the
junction. The lower, smaller vessel wall has a higher wall shear stress entering the junction.
Region 7, across from the main junction region, has the second highest number of cells
[Lamkin-Kennard et al. 2005]. High numbers of cells in the region opposite the junction is
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also consistent with what was observed in T-type junctions. Figure 106 shows that there is a
low wall shear stress entering the junction. At the junction point there is rapid increase into a
high shear stress. After the junction the wall shear stress decreases. The increase in shear
stress prior to the junction point followed by the decrease is also consistent with what was
observed in T-type junction 1. There is a negative wall shear stress flux at the junction point.
Region 6 which was also across from the main junction region had a high number of cells
adhere [Lamkin-Kennard et al. 2005]. Figure 107 shows there is a high wall shear stress
entering the junction. The wall shear stress decreases throughout the junction region.
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Figure 154. Y-type convergence 2 cells/length and wall shear stress at each region.

A graph of the cells/length as a function of the wall shear stress was created. The data shows
that for the Y-type convergence 2 that there may be an optimal wall shear stress.
0.05
0.05

Cells/Length (µm -1)

0.04
0.04
0.03
0.03
0.02
0.02
0.01
0.01
0.00
0.00E+00

2.00E- 04

4.00E-04

6.00E-04

8.00E-04

1.00E- 03

1.20E- 03

1.40E-03

1.60E-03

Wall Shear Stress (N/m 2)

Figure 155. Y-type convergence 2 wall shear stress at each region. The data for this convergence does not
show a clear relationship between cells/length and wall shear stress.
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Y-type convergence 3, Figure 6 [Lamkin-Kennard et al. 2005] geometrically is a yjunction that has similar sized daughter vessels joining into a lightly larger mother vessel.
The schematic of Y-type convergence 3 is seen in Figure 149.

Figure 156. Schematic of Figure 6 [from Lamkin-Kennard]

The experimental data for Y-type convergence 3 from the Lamkin-Kennard study can be
seen in Figure 150.

Figure 157. Number of cells at region, Figure 6 [from Lamkin-Kennard et al. 2005]

The highest number of cells adhered in Region 6 which is the main junction of the
convergence [Lamkin-Kennard et al. 2005]. Lamkin-Kennard’s Figure 6 correlates with this
current study’s Y-type convergence 3. Figure 111 shows that the wall shear stress for both
vessel walls is low entering the junction. At the junction point the wall shear stress for both
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walls is higher. Region 7 tied for the second highest number of adherent cells is across from
the main junction region [Lamkin-Kennard et al. 2005]. Figure 112 showed that the wall
shear stress does not vary that much through the vessel wall. Region 5 tied for the second
highest number of adherent cells and is across from the main junction region [LamkinKennard et al. 2005]. Figure 113 shows that the wall shear stress does not vary that much
through the vessel wall. Since the two inlet vessels are similar size and had the same inlet
velocity that might explain the wall shear stress seen in Region 6.
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Figure 158. Y-type convergence 3 cells/length and wall shear stress at each region.

A graph of the cells/length as a function of the wall shear stress was created. The data shows
that for the Y-type convergence 3 that there may be an optimal wall shear stress.
0.12
0.11

Cells/Length (µm -1)

0.10
0.09
0.08
0.07
0.06
0.05
0.04
0.03
0.02
1.50E-03

2.00E-03

2.50E-03

3.00E-03

3.50E-03

4.00E-03

4.50E-03

Wall Shear Stress (N/m 2)

Figure 159. Y-type convergence 3 wall shear stress at each region. The data for this convergence shows
that as wall shear stress increases so does the number as cells/length.
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Y-type convergence 4 geometrically is a y-junction with two very small similar
daughter vessels that join together into a slightly larger mother vessel. The daughter vessels
have the same boundary conditions. Figure 151 shows the schematic for this junction.

Figure 160. Schematic of Figure 7 [from Lamkin-Kennard et al. 2005]

The number of cells at each region in complex convergence is shown in Figure 152 [LamkinKennard et al. 2005].

Figure 161. Number of Cells/Length , Figure 7 [from Lamkin-Kennard et al. 2005]

Region 6 of Y-type convergence 4 had the highest number of cells adhere [LamkinKennard et al. 2005]. Figure 7 from Lamkin-Kennard et al. (2005) correlates with this
current study’s Y-type convergence 4. Figure 199 shows that the shear stress increases on
the upper wall entering the junction while the wall shear stress decreases on the lower wall
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entering the junction. Another region that has been proven in past studies to have a higher
adhesion rate is the wall opposite the junction region. In this vessel configuration, this region
corresponds to Region 5 [Lamkin-Kennard et al. 2005]. Figure 120 shows that there is a low
wall shear stress entering the region across from the junction. The wall shear stress increases
throughout the entire region across from the junction. The increase in shear stress is again
consistent with what was observed in T-type configurations. Region 7 also has a high
number of cells adhere [Lamkin-Kennard et al. 2005]. Figure 121 shows that the wall shear
stress increases throughout the region.
Figure 156 shows a plot of the wall shear stress versus the number of adherent cells
per length for the main junction for all the Y-type convergences. These results infer that there
may be a relationship between wall shear stress and neutrophil margination. These results
are as expected and display a monotonic increase in margination with a decrease in wall
shear stress. The monotonic increase is expected because a decrease in wall shear stress will
lower the chance of a neutrophil being pushed off the wall. Y-type 4 convergence showed a
low shear stress and a low number of adherent cells per length and does not fit this trend so
was omitted from the plot.
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Figure 162. Y-type convergence 4 cells/length and wall shear stress at each region.

A graph of the cells/length as a function of the wall shear stress was created. The data shows
that for the Y-type convergence 4 that there may be an optimal wall shear stress.
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Figure 163. Y-type convergence 4 wall shear stress at each region. The data for this convergence shows
that as wall shear stress increases so does the number as cells/length.

In three of the four y-type convergences, the main junction points had the highest
numbers of adherent cells. This could be explained by the increases in shear stress or low
velocities found at the junction point or a combination of both factors. Low velocities could
lead to areas of stagnation and ultimately promote cell adhesion.
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Figure 164. All Y-type convergences plot of the wall shear stress versus the number of adherent cells per
length for the main junction
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Figure 158 shows a plot of the wall shear stress and the number of adherent cells per
length for the bottom junction for all the Y-type convergences. These results infer that there
may be a relationship between wall shear stress and neutrophil margination. These results
are as expected and display a monotonic increase in margination with a decrease in wall
shear stress.

4.2.3 Complex convergence
Complex convergence 1 is unique in that it has three inlets. It is also important in that
it may show how close junction regions can affect one another. Figure 159 shows the
schematic of the convergence [Lamkin-Kennard et al. 2005].

Figure 165. Schematic Figure 3 [Lamkin-Kennard et al. 2005]

The experimental data from the Lamkin-Kennard et al. (2005) study can be seen in Figure
160.
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Figure 166. Number of Cells/Length at various regions, Figure 3 [Lamkin-Kennard et al. 2005]

Lamkin-Kennard’s Figure 3 correlates with this current study’s Complex
convergence 1. This convergence had the second highest number of cells adhere in Region 9
[Lamkin-Kennard et al. 2005]. Figure 129 shows that there high wall shear stress on the top
wall of the junction and then low wall shear stress on the bottom wall of the junction.
Another place that had a high number of cells adhere was across from the previous junction,
Region 10 [Lamkin-Kennard et al. 2005]. Figure 130 showed the wall shear stress increased
entering the convergence. The highest number of cells adhered in Region 11 [LamkinKennard et al. 2005]. Figure 131 shows a high wall shear stress entering the convergence
then a decrease at the junction. Region 12 also had a high number of cells adhere [LamkinKennard et al. 2005]. Figure 132 shows a low wall shear stress that increases into a high wall
shear stress. The data also shows that for downstream regions, the highest number of
adhered across the junction, Region 14 [Lamkin-Kennard et al. 2005]. Figure 133 showed
that wall shear across from the convergence was high then dropped into the region directly
across form the junction. The wall shear stress for each region is shown in Figure 155 below.
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Figure 167. Complex convergence wall shear stress for each region.

Graphing the wall shear stress for each region in the complex convergence so that there is
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Figure 168. Complex convergence graph of wall shear stress at each region. Low or high wall shear
stress may promote cell adhesion.

This complex convergence showed that the number of cells/length adhered higher
with a low and high wall shear stress. Overall, more complex convergences will need to be
analyzed for significant correlations to be made.

4.4 Overall implications for the field
Comparison of numerical models to the experimental results from Lamkin-Kennard et al.
(2005) do indicate a relationship may exist between wall shear stress and adherence of cells
and helps to validate the modeling process completed. Key findings suggest that T-type
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convergences have an optimal wall shear stress that promotes neutrophil adhesion. Y-type
convergences also suggest that an optimal wall shear stress promotes neutrophil adhesion.
The complex convergence suggest that a low or high wall shear stress will promote
neutrophil adhesion. Overall, for T-type and Y-type convergences an optimal wall shear
stress promotes neutrophil adhesion. This thesis study is a valuable next step in furthering
the understanding of neutrophil margination. An increase in the understanding of this
process could lead to improved medicinal modalities for treatment of diseases that involve
this process.

5 CONCLUSION
5.1 Summary of accomplishments
A method of creating numerical models was developed. The numerical method was
validated using an analytical solution of 2D cylinder. The numerical methods were extended
to model more complex in-vivo convergences. Wall shear stresses were calculated for
several wall regions for the many convergences studied. Relationships were obtained that
indicated a correlation between wall shear stresses and margination. A microfabrication
process was developed to create a rough surface that represents endothelial cells in a venular
convergence. This process can be adjusted and enhanced to create microvascular networks.
Initial research for this process was completed. A large scale study was initiated. Future
work was proposed.

5.2 Limitations of work
To solve complex problems in engineering assumptions must be made to create an
initial solution or results. Since this work is the baseline and initial modeling several
assumptions were made. The models in this study looked only at bulk flow and contained no
biological interactions. For this study it is valid to assume that there is no biological
interaction since the main goal of the study is to determine important flow factors for
neutrophil margination based on bulk flow only. To simply the modeling blood is also
modeled as a Newtonian fluid. Blood is not a Newtonian fluid and its viscosity changes with
the percent hematocrit.
This baseline investigation only had 2D representations of vessels from in vivo videos
therefore only 2D models were created. In the body venular junctions are 3D so the 2D
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representation is not the most accurate representation. For this initial modeling, 2D was
chosen instead of 3D so that highly complex system could be broken down to analyze
specific pieces. Using 2D models allows for key factors to be isolated and analyzed. Even
though venular convergences in the body are 3D it was determined for this study that 2D
models would be used as the baseline to prove importance of geometric factors. This was
decided to determine what geometric factors should be included in the 3D models so that
they are accurate and consider all possible factors. To analyze in 3D many assumptions
would have to be made. Modeling in 2D allows for surface roughness, branch angle and
other factors to be isolated.

5.3 Possible improvements
Since this thesis was multi-faceted there are several areas that could be improved.
Improvements could be made is several different aspects. The first is analysis of the data,
pertaining to other factors to be analyzed. The second improvements could be done by
adding additional variables to the current complex convergences.
Improvements on analysis of the data could be done. The complex convergence walls
could have vorticity data exported to see if there is any relationship between vorticity and
number of cells/length. The complex convergences could also be sliced 4um away from the
wall to determine the fluid interactions that a neutrophil would be subjected to at it’s
centerline.
Several different improvements could be done to the complex convergence models.
To accurately model the inflammatory response biological interactions could be added to the
current 2D model. In the body neutrophils adhere to the blood vessel walls. The effect of
adherent neutrophils on the flow through venular convergences could also be studied. The
models of the complex convergence could have 2D spheres with a diameter of 8um added to
the wall to determine how blood flow is affected. Based on studies completed by Chapman
et al. (1996, 1997), adherent neutrophils can promote additional neutrophils to adhere
upstream. Another improvement could be to model adhered neutrophils to the current
complex convergences. It possible that an already adhered neutrophil may promote adhesion
of a new neutrophils behind it.
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Species transport could be applied to the current complex convergences. The
addition of inert particles of the appropriate sizes to mimic the effects of neutrophils and red
blood cells could be added to the fluid flow models. Additional the walls could be specified
to have certain selectins, such as ICAM-1, P-selectin and E-selectin
A future student could use a confocal microscope to image a blood vessel. This
would result in an accurate 3D model of a blood vessel. A significant improvement would be
counting the number of cells on the walls in each Region. The ability to compare the wall
shear stress to the number of adherent walls at specific locations could yield more
noteworthy correlations.
To determine if the correlations that were developed in this study are accurate, more
in-vivo experiments could be conducted. These additional convergences could be modeled
and analyzed. An increase of data could increase the accuracy of the correlations.

APPENDICES
A. Glossary
A.I Biological Terminology
Adhesion – the molecular attraction exerted between bodies in contact. It can also be
mentioned as adhering or adhered.
Endothelium or endothelial cells (EC) – the cells that line the interior surface of blood
vessels, forming an interface between circulating blood in the lumen and the rest of the vessel
wall. This is the site where leukocytes will adhere to the inner wall of blood vessels.
Hematocrit – is the proportion, by volume, of the blood that consists of red blood cells.
Hematocrit is expressed as a percentage.
Leukocyte – more commonly referred to as a white blood cell (WBC). Leukocytes defend
the body against infectious disease and foreign materials. They are cells of the immune
system.
Margination – a phenomenon that occurs during the relatively early phases of inflammation;
as a result of dilation of capillaries and slowing of the bloodstream, leukocytes tend to
occupy the periphery of the cross-sectional lumen.
Neutrophil – specific type of leukocyte that defends the body against bacterial or fungal
infection which is important for the body when wounds are healing
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Selectin – an adhesion molecule that mediates interactions among hematopoietic cells and
other cells. Determines where certain leukocytes adhere to the endothelial wall. There are
specific selectins for specific types of leukocytes.
Venules – minute vessels that collect blood from the capillaries and join together to form
veins.
Venular convergences – place where several venules join together forming junction points.
White blood cells (WBCs) – are cells that defend the body against foreign substances and
infectious disease.

A.II Engineering Terminology
BCs – Boundary Conditions
CFD – Computation Fluid Dynamics
Mesh – a collection of points representing the flow field. The points where the equations of
fluid motion are calculated.
Interval size – is the distance from one point to the next point.
Grid study – a method to show grid independence. A numerical model is solved with coarse
mesh due to a high interval size. A new numerical model will be solved, similar to the
previous except the mesh is more refined due to a smaller interval size. The results of the
two models are compared. When the difference between key parameters is small then grid
independence has been achieved.

B. Extended Results
Additional graphs that were created for the various models are shown in this Appendix.

B.1 T-junctions
For the three T-junctions with curved junction regions individual graphs were also created
for the wall shear stress and vorticity seen on the left curved wall. Figure 161 shows the
vorticity on the left curved wall on the t-junction. There is a noticeable point at which the
vorticity is zero in the middle of the curved junction.
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Vorticity of T-junction with curved region of 15µm
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Figure 169. Vorticity of t-junction with curved region of 15 µm. Note zero vorticity at midpoint of curved
wall.

Figure 162 shows the wall shear stress on the curved wall on the t-junction. There is a
noticeable point at which the wall shear stress is zero in the middle of the curved junction.
This low shear stress region could allow for a higher percentage of neutrophil adhesion.
Wall shear stress of T-junction with curved region of 15µm
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Figure 170. Wall shear stress of t-junction with curved region of 15 µm. Note zero wall shear stress at
midpoint of curved wall.
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Figure 193 shows the vorticity on the left curved wall on the t-junction. There is a noticeable
point at which the vorticity is zero in the middle of the curved junction. The low vorticity
region area is larger than in the t-junction with the curved junction of 15 µm.

Vorticity of T-junction with curved region of 35µm
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Figure 171. Vorticity of t-junction with curved region of 35 µm. Note zero vorticity at midpoint of curved
wall.

Figure 164 shows the wall shear stress on the curved wall on the t-junction. There is a
noticeable point at which the wall shear stress is zero in the middle of the curved junction.
This low shear stress region could allow for a higher percentage of neutrophil adhesion. The
low wall shear stress region area is larger than in the t-junction with the curved junction of 15
µm.
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Wall shear stress of T-junction with curved region of 35µm
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Figure 172. Wall shear stress of t-junction with curved region of 35 µm. Note zero wall shear stress at
midpoint of curved wall.

Figure 165 shows how the vorticity varies on the left curved wall of the model. There is a
lower vorticity region in the center of the left curved wall. This may promote neutrophil
adhesion on the center of that junction. The vorticity region area is larger than in the tjunction with the curved junction of 35 µm.
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Vorticity of T-junction with curved region of 45µm
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Figure 173. Vorticity of t-junction with curved region of 45 µm. Note zero vorticity at midpoint of curved
wall.

Figure 166 below shows the wall shear stress on the curved wall on the t-junction. There is a
noticeable point at which the wall shear stress is zero in the middle of the curved junction.
This low shear stress region could allow for a higher percentage of neutrophil adhesion. The
low wall shear stress region area is larger than in the t-junction with the curved junction of 35
µm.
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Wall shear stress of T-junction with curved region of 45µm
50

9.0E-04

Wall
Wall shear stress

45

8.0E-04

40

2

Wall Shear Stress (N/m )

7.0E-04

Y-distance (µm)

35

6.0E-04

30

5.0E-04

25
4.0E-04

20

3.0E-04

15

2.0E-04

10

1.0E-04

5
0

0.0E+00
0

5

10

15

20

25

30

35

40

45

50

X-distance (µm)

Figure 174 Wall shear stress of t-junction with curved region of 45 µm. Note zero wall shear stress at
midpoint of curved wall.

B.2 Complex Convergences
For the complex convergences, additional velocity magnitude graphs of various slices within
the convergences were also made.
B.2.1 T-type convergences
T-type convergence 1 was sliced in the straight portion of the convergence and the velocity

magnitude can be seen in Figure 167.

155

Figure 175. T-type convergence 1 velocity magnitude at junction location slice

T-type convergence 2 was sliced in the straight portion of the convergence and the velocity
magnitude can be seen in Figure 168.

Figure 176. T-type convergence 2 velocity magnitude slice at junction location
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T-type convergence 2 was also sliced at parallel to the top inlet. The velocity magnitude of
that slice can be seen in Figure 169.

Figure 177. T-type convergence 2: Slice parallel to top inlet. Parabolic velocity magnitude profile entering
junction region.

B.2.2 Y-type convergences
Y-type convergence 1 was sliced at one of the straight portions and the velocity magnitude at

that slice is seen in Figure 170.
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Figure 178. Y-type convergence 1 velocity magnitude slice at junction location

Y-type convergence 1 was also sliced at parallel to the top inlet. The velocity magnitude of
that slice can be seen in Figure 171.
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Figure 179. Y-type convergence 1: Slice parallel to top inlet. Parabolic velocity magnitude profile
entering junction region.

Y-type convergence 1 was also sliced at parallel to the bottom inlet. The velocity magnitude
of that slice can be seen in Figure 172.
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Figure 180. Y-type convergence 1: Slice parallel to bottom inlet. Note: The lower velocity on the right side
of the inlet.

Figure 173 shows the data for a slice in the straight region of the convergence. The data
shows that there is a higher velocity from the lower vessel, which is due to the boundary
conditions. There is also a lower velocity region which may allow a higher number of
neutrophils to adhere to the wall.
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Figure 181. Y-type convergence 2 velocity magnitude slice a straight location

Y-type convergence 2 was also sliced at parallel to the top inlet. The velocity magnitude of
that slice can be seen in Figure 174.
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Figure 182. Y-type convergence 2: Slice parallel to top inlet. Note: lower velocity at right wall of junction.

Y-type convergence 3 was slice in the straight portion of the convergence. Figure 175 shows
the parabolic velocity magnitude.
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Figure 183. Y-type convergence 3 velocity magnitude slice a straight location

Y-type convergence 3 was sliced parallel to the top inlet. The velocity magnitude of that
slice can be seen in Figure 176.
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Figure 184. Y-type convergence 3: Slice parallel to top inlet. Note: The parabolic velocity magnitude
profile.

Y-type convergence 2 was also sliced at parallel to the bottom inlet. The velocity magnitude
of that slice can be seen in Figure 177.
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Figure 185. Y-type convergence 3: Slice parallel to bottom inlet. Note: The parabolic velocity magnitude
profile.

Y-type convergence 4 was sliced at the straight region of the convergence. Figure 178 shows
the velocity magnitude at this slice.
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Figure 186. Y-type convergence 4 velocity magnitude slice at junction location

Y-type convergence 4 was also sliced at parallel to the top inlet. The velocity magnitude of
that slice can be seen in Figure 179.
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Figure 187. T-type convergence 4: Slice parallel to top inlet. Parabolic velocity magnitude profile entering
junction region.
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Y-type convergence 4 was also sliced at parallel to the bottom inlet. The velocity magnitude
of that slice can be seen in Figure 180.

Figure 188. T-type convergence 4: Slice parallel to top inlet. Parabolic velocity magnitude profile entering
junction region.

B.2.3 Complex convergence
Complex convergence 1 was also sliced at parallel to the top inlet. The velocity magnitude

of that slice can be seen in Figure 181.
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Figure 189. Complex convergence 1 slice parallel to top inlet. Note: Parabolic velocity magnitude profile.

Complex convergence 1 was also sliced at parallel to the lowest inlet. The velocity
magnitude of that slice can be seen in Figure 182.
The convergence was sliced at one of the straight portions and the velocity magnitude at that
slice is seen in Figure 183.
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Figure 190. Complex convergence 1 velocity magnitude slice at junction location

C. Extended Directions
C.1 Matlab Coding
Example of Matlab coding used to take Bitmap image and then convert it to data. Code was
written by Daniel Segar.
clc
clear all
A = imread('KLKFigure7.bmp');
A = flipud(A);
[n,m] = size(A);
k = 1;
for i = n:-1:1
for j = m:-1:1
if A(i,j) == 0
coord(k,:) = [j i];
k = k+1;
end
end
end
coord = sortrows(coord,1);
k = 1;
c = 1;
%

Change these

169

xv = [275 150 100 175];
yv = [199 199 0
0 ];

% x coordinates of vertices
% y coordinates of vertices

figure(1),plot(coord(:,1),coord(:,2),'.k',[xv xv(1)],[yv yv(1)],'xb-');
axis equal
grid on
set(gca,'Xtick',0:50:m);
in = inpolygon(coord(:,1),coord(:,2),xv,yv);
k = 1;
for i = 1:length(in)
if in(i) == 1
temp(k,:) = coord(i,:);
k = k+1;
end
end
k = 1;
% for i = 1:length(temp)
%
if i == 1
%
tmp(c,:) = temp(i,:);
%
c = c+1;
%
else
%
if temp(i,1) == temp(i-1,1)
%
tmp(c,:) = temp(i,:);
%
c = c+1;
%
else
%
lout(k,:) = [tmp(1,1) mean(tmp(:,2))];
%
k = k+1;
%
c = 1;
%
tmp = temp(i,:);
%
end
%
end
% end
x = temp(1,1);
y = temp(1,2);
c = 2;
k = 1;
for i = 2:length(temp)
if temp(i,1) == temp(i-1,1)
x = temp(i,1);
y(c) = temp(i,2);
c = c+1;
else
y = mean(y);
lout(k,:) = [x y];
k = k+1;
c = 2;
x = temp(i,1);
y = temp(i,2);
end
end
xx = min(lout(:,1)):0.25:max(lout(:,1));
yy = spline(lout(:,1),lout(:,2),xx);
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% p = polyfit(lout(:,1),lout(:,2),10);
% yy = polyval(p,xx)
figure(2),plot(lout(:,1),lout(:,2),'.k',xx,yy,'-b');
axis equal
grid on
oid = fopen('data_points7-1.txt','w');
fprintf(oid,'%10.5f %10.5f\n',[xx;yy]);
fclose all;

C.2 Microfabrication Techniques
Process for creating rough surface
Step 1:
Create a photomask to be used on Karl Suss MA 150 Aligner (this will be the pattern
transferred to the wafer)
Materials: Overhead transparency
Equipment Needed: CAD software, Printer
Process:
• Create a square grid pattern using CAD software (such as AutoCAD)
• Grid lines have a spacing of 1mm (horizontally and vertically)
• Print pattern onto an overhead transparency
Step 2:
Coat photoresist onto wafer
Materials: AZ 9260 photoresist, pipette
Equipment Needed: CEE 100 Resist Spinner
Process:
• Pipette AZ 9260 resist onto wafer – use a generous amount, approx.
5mL (excess will be spun off)
• Coat wafer at 2000rpm for 1 minute using a ramp speed of 500 rpm/s
Step 3:
Bake coated wafer on a vacuum hot plate:
Materials: None
Equipment Needed: Vacuum Hot Plate
Process:
• Heat hot plate to 100 ºC
• Place wafer on hot plate and turn vacuum on – allow it to sit for 2
minutes
Step 4:
Cool wafer on a chill plate
Materials: None
Equipment Needed: Chill Plate
Process:
• Place wafer on chill plate and let stand for 1 minute (until wafer
reaches ambient temperature)
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Step 5:
Expose wafer using photomask
Materials: photomask transparency, glass cover
Equipment Needed: Karl Suss MA 150 Aligner
Process:
• Perform a light measure on machine to determine exposure time*
• Place wafer on machine chuck
• Place photomask transparency on top of the wafer and cover with glass
sheet
• Expose wafer for varying times to alter light dosage**

* To perform a light measure use the Photoresist Radiometer and place the head directly
under the light. Set the multiplier to X1 and the scale to 0-10 mW/cm2. The reading given is
the intensity of the light.
** To determine dosage:
Dose (mJ/cm2) = (time(s))*(intensity(mW/cm2))
Step 6:
Develop wafer
Materials: DI water, CD 26 Developer, 2 Pyrex Dishes, Teflon Boat
Equipment Needed: None
Process:
• Fill Pyrex dish about 1/2in high with DI water
• Fill other Pyrex dish about 1/2in high with CD 26 Developer
• Place wafer in dish with CD 26 Developer for a certain period of time
• After set period of time has passed, rinse wafer briefly in DI water dish
• Place wafer in Teflon carriage for spin dry
Step 7:
Dry wafer
Materials: Teflon Boat
Equipment Needed: Spin Dry Machine
Process:
• Place Teflon boat with wafer in spin dry machine
• Press green button and wait until dry
• When dry, remove wafer from carriage
Step 8:
Bake wafer to set photoresist
Materials: None
Equipment Needed: Vacuum Hot Plate
Process:
• Set vacuum hot plate to 100°C
• Let sit for 2 minutes to set photoresist
Step 9:
Cool wafer
Materials: None
Equipment Needed: Chill Plate
Process:
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•

Set wafer on chill plate and let cool for 1 minute (until wafer reaches
ambient temperature)

Process to take height measurements

Using the Tencor P2 Profilometer:
Step 1:
Loading the Wafer
• Press load on keyboard and allow metal plate to move forward
• Place wafer on metal plate
• Turn vacuum switch on
• Press load on keyboard and allow metal plate to move to backward
Step 2:
Viewing the Wafer
• Press theta button to view wafer screen
• Press down arrow once to view measurement tip
• Once tip is in view, hold down arrow to move tip toward wafer
• Allow tip to touch wafer
• Move mouse to position the measuring tip where you want it on the wafer
Step 3:
Loading the Recipe
• Press Esc/Menu button on keyboard
• Choose Recipe Catalog at the top of the screen
• Select O’BRIEN SYST recipe (be sure not to scroll past the P’s in the recipe
catalog because that will crash the system)
• Set scan length to 1mm
• Hit Theta button on keyboard to return to wafer view
Step 4:
Running the Recipe
• To make sure the measuring tip is sitting correctly, press the down arrow,
when you release the button notice the height the tip is set at. Repeat this until
the tip height is repeatable
• Press the green start button on the keyboard to run the recipe
Step 5:
Viewing the Results
• After the recipe runs, a results screen will show up
• Use the mouse to move measuring lines (there is a Right and Left line) – place
the lines each either on two peaks or two troughs and hit the level button
• The resist heights can now be measured by placing the right and left lines at
the points you want to measure (i.e. a peak and trough) text on the left side of
the screen will display height
Step 6:
Exiting the Machine
• Press the theta button and return to the view of the wafer
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•
•
•

Press the up arrow to raise the measuring tip
Press the load button and the metal plate will bring the wafer forward
Be sure to turn off the vacuum switch before removing your wafer from the
plate
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